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PART I. 


BINARY AND TERNARY DATA FOR THE SYSTEM 


METHYLC YCLOHEXANE-TOLUENE-FURFURAL 


SUMMARY 


Isobaric vapour—liquid equilibrium data are presented for the system methyleyclohexane toluene furfural, 


including the constituent binary systems. 


Two equilibrium stills were used in determining the experimental data, namely the Fenske and Gillespie stills, 
All determinations were made at 760 mm pressure, and separate liquid and vapour deviation functions were 


calculated. 


The experimental data were correlated by the Li-Coull method, which has been found to provide a useful 


criterion of true equilibrium for isobaric data. 


The ease of separation of methyleyclohexane and toluene, as 
measured by the relative volatility, is much increased by the presence of furfural. 


The optimum solvent 


concentration is in the region of 90 per cent, whilst an economic solvent concentration would be approximately 


60 per cent, 


A new binary azeotrope is reported involving methyleyclohexane and furfural. 


Analytical data for 


the toluene—furfural binary system, and for the ternary mixtures which are single phase at 20° C, are presented 


for the first time. 


NOMENCLATURE 


AGE 


Partial mol volume 

Constant in Li-Coull equations 
Refractive index 

Partial pressure 

Temperature ° C 

Partial molar (liquid) volume 
Mol fraction (liquid phase) 

Mol fraction (vapour phage) 
Mol fraction (vapour phase)—on solvent free basis 
Gas phase correction factor 
Relative volatility 

Activity coefficient 

Summation of 

Total pressure of system 


SUBSCRIPTS 


Refers to component No. | (ete.) 
Refers to component ¢ 

Critical value 

Reduced value 

Heptane 

Methyleyclohexane 

Toluene 

Furfural 

Value as experimentally determined 
Value as calculated from correlation equations 
Logarithm to the base 10 
Logarithm to the base e 
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INTRODUCTION 


One of the most important developments in the 
petroleum and allied industries in recent years has 
been the extended use of petroleum as the raw material 
for the separation of pure hydrocarbons which are 
used directly as components of high octane fuel, or 
alternatively are processed further to give other 
derivatives. The existence of so many individual 
hydrocarbons in even a close-boiling petroleum 
fraction has imevitably delayed the production on 
a large scale of pure hydrocarbons, because of the 
difficult separation problems which are involved. 
The separation by distillation of hydrocarbons of 
different types, ¢.g. naphthenic and aromatic, can be 
facilitated by the addition of a third component, 
generally of a polar nature, which forms solutions 
with the hydrocarbons of varying degrees of non- 
ideality. The addition of an extraneous compound 
forms the basis of both the operations known as 
“ azeotropic"’ and “extractive distillation,” the 
added component being termed the “ entrainer ’’ and 
“solvent” in the respective operations. Both pro- 
cesses may occur simultaneously, The extractive 
distillation process has several features in common 
with the liquid—liquid or “ solvent extraction ’’ pro- 
cess, and derives its name from this older process. 
The design of plant for separations of this type 
necessitates prior knowledge of the basic vapour 
liquid equilibria of the mixtures to be encountered. 
This paper presents a study of the equilibria of C, 
hydrocarbons and furfural at normal atmospheric 
pressure. 
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PART I. 


BINARY AND TERNARY DATA FOR THE SYSTEM 


METHYLC YCLOHEXANE-TOLUENE-FURFURAL 


SUMMARY 


Isobaric vapour-liquid equilibrium data are presented for the system methyleyclohexane toluene furfural, 


including the constituent binary systems. 


Two equilibrium stills were used in determining the experimental data, namely the Fenske and Gillespie stills. 
All determinations were made at 760 mm pressure, and separate liquid and vapour deviation functions were 


calculated. 


The experimental data were correlated by the Li-Coull method, which has been found to provide a useful 


criterion of true equilibrium for isobaric data. 


The ease of separation of methyleyclohexane and toluene, as 
measured by the relative volatility, is much increased by the presence of furfural. 


The optimum solvent 


concentration is in the region of 90 per cent, whilst an economic solvent concentration would be approximately 


60 per cent. 


A new binary azeotrope is reported involving methyleyclohexane and furfural, 


Analytical data for 


the toluene-furfural binary system, and for the ternary mixtures which are single phase at 20° C, are presented 


for the first time. 


NOMENCLATURE 


Second virial coefficiont 

Intercept 

Average intercept value 

Vapour pressure of a pure component 
Gas constant 

Slope of Li-Coull curves 

Absolute temperature ° K 

Molar ratio of components (liquid phase) 


curves 
(T log y)** 
(T log yy at X 
Partial mol volume 
Constant in Li-Coull equations 
Refractive index 
Partial pressure 
Temperature © © 
Partial molar (liquid) volume 
Mol fraction (liquid phase) 
Mol fraction (vapour phase) 
Mol fraction (vapour phase)—on solvent free basis 
Gas phase correction factor 
Relative volatility 
Activity coefficient 
Summation of 
Total pressure of system 


SUBSCRIPTS 


Refers to component No. | (ete.) 
Refers to component ¢ 

Critical value 

Reduced value 

Heptane 

Methyleyclohexane 

Toluene 

Furfural 

Value as experimentally determined 
Value as calculated from correlation equations 
Logarithm to the base 10 
Logarithm to the base e 
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INTRODUCTION 


OnE of the most important developments in the 
petroleum and allied industries in recent years has 
been the extended use of petroleum as the raw material 
for the separation of pure hydrocarbons which are 
used directly as components of high octane fuel, or 
alternatively are processed further to give other 
derivatives. The existence of so many individual 
hydrocarbons in even a_ close-boiling petroleum 
fraction has imevitably delayed the production on 
a large seale of pure hydrocarbons, because of the 
difficult separation problems which are involved. 
The separation by distillation of hydrocarbons of 
different types, e.g. naphthenic and aromatic, can be 
facilitated by the addition of a third component, 
generally of a polar nature, which forms solutions 
with the hydrocarbons of varying degrees of non- 
ideality. The addition of an extraneous compound 
forms the basis of both the operations known as 
“ azeotropic”’ and “extractive distillation,” the 
added component being termed the “ entrainer " and 
“ solvent "’ in the respective operations. Both pro- 
cesses may occur simultaneously, The extractive 
distillation process has several features in common 
with the liquid-liquid or “ solvent extraction ’’ pro- 
cess, and derives its name from this older process. 

The design of plant for separations of this type 
necessitates prior knowledge of the basic vapour 
liquid equilibria of the mixtures to be encountered. 
This paper presents a study of the equilibria of C, 
hydrocarbons and furfural at normal atmospheric 
pressure. 
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Under ideal conditions in both liquid and vapour 
phases, equilibrium data for each component can be 
correlated by means of Raoult’s law : 


giving Piz, + Poet... - (2) 
When the liquid phase displays non-ideal tendencies, 


such a relationship as (2) fails to hold, and Carlson and 
Colburn ® derived a relationship for such cases : 


n= it, + t+: (3) 
the activity coefficients y, and y, assuming a value of 
unity under ideal conditions. 

Furthermore, when the vapour phase also departs 
from ideal behaviour, a second correction factor, z,4 
is incorporated, so that equation (3) becomes modified 
to give : 


29 
P 
1.€, = 


The gas-correction factor z, can be expressed as a 
function only of the total pressure, partial pressure of 
component 1, the molar (liquid) volume v,, and the 
second virial coefficient B, in the following manner : 


(P, — x)(v, — B,) 
log 2-303-RT 


For isobaric conditions, x is constant, and P,, v,, and 
B, are functions of temperature only, i.e. for each 
component z, can be plotted against temperature. 
To facilitate computation of the gas phase deviation 
factors, a plot was constructed of z (for each com- 
ponent studied) from 90° to 170°C, (Heptane is 
included for use in later papers in this series.) Values 
from the graph were compared with values obtained 
from Scheibel’s nomograph,** and excellent agreement 
was achieved, Such z-factors have been applied 
previously mainly to isothermal equilibria '7 26 99 94,4! 
involving furfural, Cy hydrocarbons, and water. 

Most of the recent vapour-liquid investigations 
have been carried out under isobaric  condi- 
tions,®: 5 6 9 14, 15, 19, 27, 31, 35,39 particular in- 
terest is the work of Fenske and co-workers, who 
determined the equilibria of the system methyleyclo- 
hexane—toluene,*® and later the effect of aniline on 
the hydrocarbon binary.’® Drickamer, Brown, and 
White '' investigated the effect of phenol on the same 
binary under isobaric conditions. 

For isothermal systr.ns, several correlation methods 
have been developed which accurately describe 
experimental data, particularly the various van Laar 
and Margules equations as developed by Wohl.“ 
As these equations are integrated forms of the Gibbs- 
Duhem equation, they are strictly valid only at 
constant temperature, although they are frequently 
used, with varying degrees of success on data with a 


considerable range of temperature. Unfortunately, 
for isobaric systems, all plots of y or y against the 
liquid mol fraction are subject to a hidden temper- 
ature variable, which can considerably modify the 
shapes of the curves obtained in such a way that the 
above correlation methods cease to be useful. 
Attempts have been made to derive similar equations 
for isobaric systems, but without success.”* 

However, other types of correlation methods have 
been derived for such conditions, particularly by 
White * and by Li and Coull.2* The equations of 
White, although satisfactory for .binary systems, 
develop an ambiguity characteristic when applied to 
ternary systems, and hence the later method of Li 
and Coull was used for correlation of the present data. 
Their method is based primarily on the simple van 
Laar equation, with the added condition that 


(T log y) = constant 


and involves the plotting of (7' log y)®° against the 
mol ratio x,/x,, giving straight line plots. 


MATERIALS AND APPARATUS 


The limited solubility of the systems placed a 
severe restriction on the type of equilibrium still to 
be used. The conventional type of Othmer still ** 
is unsuited to liquid mixtures which are two-phase at 
temperatures near the boiling point, and the Fenske 
still,'® which was developed for this type of system, 
was chosen, The main feature of the still is that the 
condensate receiver is placed inside the main shell 
of the apparatus, thus maintaining condensate at a 
temperature not much lower than its boiling point. 

A diagram of the still is shown in Fig 1, and both 
constructional and operational details are to be found 
elsewhere.!5 Two types of condensate receivers 
were used, the vacuum-jacketed type requiring a 
slightly larger shell diameter and height. The source 
of heat was a nichrome winding, S, on the shell 
exterior of the boiling tube (17 ft 6 inches of 24 gauge, 
encased in 2-mm Vidaflex glass sleeving). The 
addition of an extra condenser on the vent line was 
made to avoid any loss of volatile constituents. 

Temperatures were determined by the use of iron 
constantan thermocouples of 30 B. and 8. gauge glass- 
covered duplex wire, encased in 3 mm outside dia 
stainless steel tubing, being connected to a selector 
board by “ Integra ’’ compensating cable, and thus 
to an “ Integra ”’ portable temperature indicator with 
a range of 0° to 200° C, 

Three stills were used and the thermocouples 
calibrated with pure benzene, water, ethylene glycol 
monomethyl ether (“ methyl cellosolve ’’) and furfur- 
aldehyde, Measurements were accurate to about 
0-2°C. A more sensitive means of measurement 
would have been desirable, but none was readily 
available at the time. 

The non-jacketed type of condensate cup was used 
mainly for binary mixtures, where the molal latent 


| 
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\ 
| 
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OF C,-HYDROCARBON 


heats and the boiling points were similar, e.g. for 
hydrocarbon pairs. For nearly all other mixtures 
vacuum-jacketed cups were used to prevent re- 
evaporation of the recycling liquid. 


| 
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CoP 


Fia 1 (b) 


CUP 


Fia 1 (ce) 


Fic | (a) 
Fic 


FENSKE EQUILIBRIUM CONSTRUCTIONAL DETAILS 


A—boiling tube; B-—distillate sample cup; C—internal 
condenser; D—neoprene stopper; E-—thertnocouple 30 B. 
and 8. gauge, iron-constantan in 3 mm outside dia stainless 
tube; F—three hooks, 120° apart, for suspending cup from 
corresponding hooks on concenser; G—drip tip for indicating 
condensation on sample cup; H—Fig | (a), two holes 180 
apart 5 mm dia, Fig | (6), vented return leg; K-—three 
nodules, 120° apart, for centering boiling tube; M-—opening 
5 mm to facilitate liquid cireulation; P-—vent line 
barostat; S—heater winding, 17 ft 6 in of 24 gauge nichrome 
wire in 2 mm Vidaflex glass sleeving; Fig | (c), A—-sample 
cup, 25 ml volume, supported in jacket C by three small glass 
legs, B—funnel to establish liquid passage through A, C 
evacuated jacket, suspended from condenser (hooks not 
shown). 


STILL 


Stopeocks were regularly greased with Dow Corn- 
ing Silicone “A” valve grease. The stills were 
periodically cleaned with boiling 4 per cent NaOH 
solution to remove deposited furfural polymers, 
and then dried out with boiling crude alcohol, and 
finally acetone. It is essential to exclude all moisture 
from the still, and a calcium chloride drying tube 
6 = 4 inch was placed between the vent condenser 
and the source of constant pressure. Each still was 
vented to a manifold, itself connected to a ballast 
tank, maintained at 760 + 0-5 mm Hg by means of a 
barostat system incorporating a manostat.”° 

All heating was electrical, from A.C. mains trans- 
formed to 110 volts, in order to use moderately 
robust heating wire (24 or 26 gauge). The wire was 
glass-sleeved, and covered with a layer of asbestos. 
Heat input to the stills was controlled by variable 
rheostats placed in series with the heater unit. 


FURFURAL SYSTEMS 3 


The Fenske stills were found to be satisfactory for 
all systems, with the exception of those mixtures 
where the difference in boiling point between liquid 
charge and vapour condensate was greater than 25° C, 
Such conditions arise in the moderately non-ideal 
toluene-furfural binary system and also in very high 
concentrations (greater than 85 per cent) of furfural 
with methyleyclohexane. 

As the former system is entirely miscible at 20° C, 
it was re-investigated, using a Gillespie type of still '* 
which had been modified by Ellis as shown in 
Fig 2. The main modification to the original design 
was the incorporation of a long residual liquid return 
line, including a U-tube with a sampling cock, and a 
cooling leg. Optimum conditions exist in this still 
for the separation of liquid and vapour phases which 
are at equilibrium, and both phases are sampled 
before any re-combination can oceur. A full deserip- 
tion of this still is given elsewhere." 


Fie 2 
THE MODIFIED GILLESPIE STILL 
DETAILS 


CONSTRUCTIONAL 


U-tube incorporated into liquid retur. !ine ; B- sampling 
cock (liquid); C—liquid stream cooler; D-—internal heater ; 
E—Cottrell pump leg; F-—adiabatic disengaging chamber ; 
G—thermometer pocket; H--condenser; I-—condensate 
receiver; J-—reeycle liquid inlet to heating leg; K-—main 
cock for adjusting liquid inventory; L-—vent condenser ; 
M—pressure equalizer; N—vent condenser; O--drop 
counter; P—capiilary tube to damp out liquid level fluctua 
tions; Q—normal liquid level during operation; R-——reeycle 
liquid return line; S—-vapour condensate sa, npling cock. 
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MATERIALS EMPLOYED 


All relevant details regarding the materials em- 
ployed, their source, and eventual purity are sum- 
marized in Table I. 

Both toluene and methyleyclohexane were purified 
by batch fractionation on a thirty-plate column of 
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ANALYSIS 


Methyleyclohexane-Toluene. Known mixtures of 
these two components were prepared, and their 
refractive index measured by a Pulfrich refracto- 
meter. The values obtained, together with previous 
data of Quiggle and Fenske,** are shown graphically 


Tasie I 
Source and Final Purity of Materials Employed 


B.p., 
Material | Source 
(Observed) 
Toluene Staveley Coal and Lron Co, Ltd., 110: “6 
| Chesterfield, Derbyshire 
Methyleyclo- | Howards and Son Ltd., Iford, | 100-9 
hexane Kssex 
n Heptane | Phillips Petroleum Co,, Okla. | 98-4 
homa, U.S.A. 
Furfural Quaker Oats Co. Ltd., Southall, | 161-7 
Middlesex 


1 inch dia, packed with glass helices. Charges of 
2 litres were used, and about 70 to 80 per cent re- 
covered, of which the refractive index was in exact 
agreement, to the fourth place, with literature values. 

Furfural was purified by ordinary distillation in a 
metal pot still in 4-litre quantities, and distilled to 
give a very light yellow liquid product ; 0-05 per cent 
triethylamine was added to the furfural as a poly- 
merization inhibitor. The treated furfural was 
stored in dark Winchester bottles, and discoloration 
took place at a very slow rate. The colour change 
has no detectable influence on the purity, according 
to refractive index determinations, but any furfural 
which darkened appreciably was redistilled prior to 
use, Approximately 6 litres of each hydrocarbon and 
12 litres of furfural were prepared thus. 


EXPERIMENTAL PROCEDURE 


For binary mixtures, charges of 200 ml were pre- 
pared containing approximately 5, 10, 20, 30. . . 80, 
90, or 95 mol per cent of one component. Ternary 
mixtures were prepared in such a manner that the 
furfural content was held at a fixed value, whilst the 
ratio of the two hydrocarbons was varied. Five 
furfural concentration levels were used, and at each 
level five different hydrocarbon ratios were employed, 
giving 25 ternary runs in all, 

The method of operation of the Fenske-type stills 
was similar to that described in the original paper on 
this still,’ For the Gillespie still, a charge of 300 ml 
was employed, some liquid being withdrawn from the 
apparatus when the entire charge had reached boiling 
point, to compensate for the expansion which occurs, 
About 2} to 3 hours were always allowed for equi- 
librium to be attained, and 10- to 20-ml samples of 
liquid and vapour condensate were withdrawn. 


ny dy 
(Litt.) | (Observed)  (Litt.) | (Observed) —_(Litt.) 


(110-63) 1-4969 (149693) 08670 (0-866 96) 


(100-93) 1-4231 (142313) | 0-7691 (076939) 
(98-43) 13878 (138765) 06850 (068368) 
(161-7) 15261 (1-52608) 11590 (11598) 


in Fig 3, and excellent agreement exists between the 
two sets of data. 

Toluene-Furfural. This binary mixture was 
analysed from refractive index data at 20°C. The 
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REFRACTIVE (NDEX DATA FOR Cy HYDROCARBON 
MIXTURES AT 20° © 


_ REFRACTIVE | 


| 


Curve 
Curve 2—"leptane-toluene 
Curve 3— feptane-methyleyclohexane 


and Fenske © Garner and Hall 
1.A.T. Report 1095 ** V> Bromiley and Quiggle * 


results are plotted in Fig 4. No previous data existed 
for this system, and solutions were prepared and 
measured in an identical manner to the hydrocarbon 
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binary above. An accuracy of between 0-10 and 
0-15 per cent (mol) is to be expected from this 
procedure. 

Methyleyclohexane-Furfural mixtures are nearly 
always two-phase at room temperature, but all 
concentrations become miscible above about 75° C. 
Hence the samples were first heated above the mis- 
cibility point, and a portion withdrawn and weighed. 
It was next washed with warm water (four times) 
the furfural being extracted into the aqueous layer. 


REFRACTIVE INDEX 


20 40 to 
MOL PERCENT TOLUENE 


Fia 4 


REFRACTIVE INDEX DATA FOR SYSTEM TOLUENE- FURFURAL 
AT 20° © 


All washings were finally collected together, and 
analysed for furfural by the volumetric method of 
Hughes and Acree * employing a bromate—bromide 
mixture at 0° to 5° C. 
Methylcyclohexane—Toluene—Furfural mixtures were 
analysed by a combined physical and chemical 
method. Furfural was first extracted by the above 
method and estimated. The hydrocarbon phase 
remaining in the separating flask was then given a 
sodium bisulphite wash to remove any traces of 
furfural, and a final ‘water wash. The wet hydro- 
carbon phase was then dried overnight with clean 
metallic sodium, and analysed by refractive index. 


RESULTS 


Vapour pressure data for both hydrocarbons and 
furfural are summarized in Table If (together with 
data for normal heptane). Data for the hydro- 
carbons were obtained from the API Project No. 44 ! 
tables, using Antoine equations to express the vapour 
pressure as a function of temperature. A few of the 
pressures fall outside the range of these equations, but 
the error of extrapolation is very small. The vapour 
pressure data for furfural in the literature were found 
to be inconsistent ; 2 ' 2% 37 all the data available 
were plotted as log p versus 10°/7. A mean curve 


was drawn through the points obtained, which corre- 
sponded to the equation : 


log p = (— 2291/7) + $1486 . (7) 
This equation was further checked from the known 
value of the latent heat of vaporization and the 


Tasie If 
Vapour Pressure Data 
(1) Hydrocarbons 
Source of Data; National Bureau Standards API Project 
No, 44. The vapour pressure is correlated by the Antoine 
equation : 
B 
log. P= 
B 
A logye P 
vapour pressure, mm Hg; 


or t 
where P 
t C. 
Constants (for the range 500 to 1500 mm Hg). 
Hydrocarbon A Cc 
219-377 


221-630 
216-054 


. | 695334 
6-82689 
690319 


1343-043 
1272-864 
1268-586 


Toluene 
Methyleyclohe xane 4 
n-Heptane . 


(2) Furfural 
From sources of data* '.*.*" were plotted as log p va , 
and a mean curve drawn, which corresponded to the equation 


2291 


log p pt 81486 


Clapeyron-Clausius equation. Excellent agreement 
existed between the values of the constants obtained 
by the two methods, 


CALCULATION OF ACTIVITY COEFFICIENTS 


To facilitate the caleulation of true activity 
coefficients as distinct from overall correction factors, 
the deviation factors involved in the non-ideality of 
the vapour phase and pressure effects on the liquid 
were next calculated for each component involved. 
These vapour factors have been defined previously by 
equation (6), which becomes simplified for the case of 
atmospheric data to 

760)(v, 
2-303 RT 


The terms p,, v,, B, are all functions of temperature, 
and values of these were found at various temperatures 
between 100° and 160°C; consequently it was 
possible to express z, directly in terms of temperature. 
Table IIL summarizes z values for all components at 
760 mm at a series of temperatures between 100° 
and 160°C. Values obtained by this method agree 
closely (within | per cent) with those using the recent 
nomograph of Scheibel.*¢ 

The method for calculating the virial coefficient was 
that of Wohl. 


RT, 
B P. 


log z, = {P3 B,) (8) 


04 0-146 


(0-197 00127, 


4 
4 
4 
| 
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Specific volumes for toluene and heptane were cal- 
culated from data in the International Critical 
Tables.2° Values for methyleyclohexane were 
obtained by extrapolation of volumetric expansion 
coefficients,” Values for furfural were obtained from 
the Quaker Oats Bulletin.’ Critical temperature and 


Taare 
z- Values for Hydrocarbons and Furfural 


z-Values at 760 mm total pressure 


Ter era- 
ture,°C | Methyl 
Toluene cyclo Heptane | Furfural 
| hexane | 
109 | 0-988 0-999 | 1002 | 0-978 
1-030 | 1-037 | 0-084 
140 1-040 1067 | LOTT | 
160 1-072 1-109 1-126 0 999 


pressure values were available for all the hydro- 
carbons with the exception of P, for methyleyclo- 
hexane, which was caiculated by the method of 
Meissner and Reading ® using the critical volume, 
which itself is calculated from the parachor. A similar 
method was adopted for the furfural critical pressure. 
7, for furfural was also calculated by methods of the 
same authors.” 

Plots of the gas law deviation and liquid pressure 
factor z against temperature (at 760 mm pressure) are 


Z FacTOR 


Tred 


130° 
TEMPERATURE C 
Fie 5 


GAS CORRECTION FACTOR, z, AT 760 MM HG PRESSURE 
ve TEMPERATURE 


given in Fig 5, In this way, the correction factor is 
available in a convenient and immediate form, thus 
introducing very little extra work into the calculation 
of true activity coefficient values. 
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BINARY SYSTEMS 


(1) Methyleyclohexane-Toluene. This binary was 
investigated using a Fenske-type still, fitted with the 
simple non-jacketed sampling cup. 


°° 

A 

z 
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> 
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° 
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MOL PERCENT METHYLCYCLOHEXANE IN LIQUID 
Fic 6 
SYSTEM METHYLCY CLOHEXANE-TOLUENE EQUILIBRIUM 

CURVE 


Equilibrium vapour and liquid phase compositions 
were determined (yy and xy) and also the temperature 
of the system. From these experimental] data, other 
functions were derived, namely the relative volatility 
expt, and experimental activity coefficients for each 


component, labelled yy and yy respectively. These 
are defined as follows : 
Yu 
Yu 
= 11 
Yn Pu (11) 


Figs 6, 7, 8, and 9 describe the equilibrium curve, 
temperature-composition curve, relative volatility— 
liquid composition curve, and activity coefficient 
curves for this system, For correlation purposes, a 
further function was calculated, namely (7T' log y)®® 
for each component, and this was plotted against the 
ratio of the liquid mol fractions, as in Fig 10. It is 
seen that this system is symmetrical, in that both 
components are represented by a single curve. The 
curves are drawn by the method of least squares, 
using weighted values of points lying in the most 
reliable region, i.e. where the mol ratio lies between 
0-1 and 1-0. Below 2-2 ratios of 0-1, small errors in 
analysis become greatly magnified, and above 1-0 
the experimental values of y lie close to unity, causing 
(T log y)®® to become very large, and again subject to 
considerable error, ‘This method of correlation is due 
to Li and Coull.** For component No, 1, their 
equation becomes : 


= (28) + (fa)! 
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ME THYLCYCLOMERANE ~ TOLUENE 


HEPTANE TOLUENE 


4 


g 


TEMPERATURE °C 


20 40 a RATIO 
MOL PERCENT METHYLCYCLOHEXANE Fie 10 
Fia 7 LI-COULL CORRELATION FOR SYSTEMS METHYLCTCLO- 


SYSTEM METHYL() (LOHEXANE-~-TOLUENE : TEMPERATURE— HEXANE-TOLUENE AND HEPTANE-TOLUENE 
COMPOSITION CURVES 


The lower curve is the liquid phase curve A s 
The upper curve is the vapour phase curve Hence a plot of (7 log y,)°°® versus x, /x, should give 


a straight line of slope 
by\ 
8, = 
and an intercept 


I,= )' at = 0 
12 
From the slope and intercept of the curve of Fig 
10, the following correlations are derived. As this 
system is symmetrical, the denominations become 
unity. 


log YM 37°19 (13) 
T log yy = 37-19 


Furthermore, the calculated relative volatility 
Seale 18 Expressed as 


RELATIVE VOLATILITY 


== (15) 
Pry 
20 40 0 

MOL PERCENT METHYLCYCLOHE KANE Another condition has to be satisfied, namely equation 
Fia 8 (4). By adjusting the temperature, trial and error 
SYSTEM METHYLCYCLOHEXANE~TOLUENE : RELATIVE solutions to the last equation can be made, to find the 
VOLATELSES CF 20 TOLUENE correct value of and hence t?C. Thus it is possible 
to obtain predicted values of t, yy and yr, «, yy, and 
yr from a given liquid composition. Such values are 
listed in Table IV, for values of zy of 0-1,0-2, . . . 0-9, 
1-0. The curves drawn in Figs 6 to 9 are drawn from 
these calculated values, i.¢. the curves represent 
predicted values rather than a line drawn to fit the 
experimental points only. In general, the agreement 


cule 


acTiviTy 
| 


MOL PERCENT METHYLCYCLOWE KANE between the predicted curves and the experimental 
Fic 9 : points appears to be quite satisfactory. 

(2) Toluene-Furfural. Experimental determina. 

CORFFICIENTS tions were initially carried out using a Fenske-type 


A Methyleyclohexane © Toluene still with a vacuum-jacketed sampling cup. Sub- 
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sequent examination of the results led to the con- 
clusion that this type of still was unsuited to systems 
involving large differences in temperature between 


IV 
Methyleyclohexane-Toluene Predicted Data 


| t | Yu ym Yr | Gate 


Ol O9 | 1086 | 0146 0-854 ' 1199 1-002 | 1-54 
O2 O8 | 1069 | 0270 0-730 | 1-154 1-009 1-48 


° 


URE 


03 O7 | 10566 | 0-379 0-621 1-117) «1-021 1-42 


O4 06 | 1045 | 0476 0-524 | 1-085 1-037 | 1-36 51 
05 O5 | 1036 | 0566 0434 | 1-058 1-058 | 1-305 
06 O4 | 1028 | 0655 0-345 | 1037 1-085 | 1-26 2 
O7 OB | 102-2 | 0-736 0-264 1021 | 1-195 


08 02 


101-6 | 0823) 0-177 | 1-009 1-157 | 116 
09 O1 


101-2 | 0-908 0-092 | 1-002 1-203 | 1-09 ah — 


the liquid and vapour condensate boiling points. 


It is probable that the returning condensate, which is 20 
never much below its boiling point, flashes off as it MOL PERCENT TOLUENE 
enters the main liquid reservoir, giving a vapour too Fia 12 

. rich in the lighter component. Such a process would SYSTEM TOLUENE-FURFURAL : TEMPERATURE— 

COMPOSITION CURVES 

: as © Experimental determinations—liquid phase— Fenske still 

« A és —vapour phase— 

a —-vapour phase — ” 

i 2 The solid curves are derived from equations (16) and (17). 
al Figs 11 to 14 describe the binary system in exactly 
ra the same manner as Figs 6 to 9 covered the first system. 

‘3 There is a hidden temperature factor involved in 
z Figs 13 and 14, which explains the fact that the 
3 activity coefficient curves in the latter figure do not 
¥ resemble the parabolic curves obtained for isothermal 

systems. However, when the system is reduced to a 
°” common temperature, i.e. plotting 7’ log y instead of 
20 60 1090 \ 
MOL PERCENT TOLUENE IN LIQUID 
Fia 4. 
SYSTEM TOLUENE-FURFURAL EQUILIBRIUM DIAGRAM SEE 
(©) Experimental determination-—Fenske still > 
A ” _—~Gillespie still 
Values calculated by equations (16) and (17) 
tend to perpetuate itself. The results on the Fenske $ ‘e 

still were consistent in themselves, but failed to comply 

if with a test of true equilibrium developed later in this . er. 

paper, Consequently the system was re-examined 

using a modified Gillespie still, where the two phases \ 
separate in an adiabatic disengaging chamber, and * 
recombine only after cooling to a low temperature. -— 

The results satisfied much more exactly the criteria 

of equilibrium demanded by the Li-Coull method, 10 rr) 00 
The Li-Coull equations describing the system are : MOL PERCENT TOLUENE 

162-8 Fie 13 

T log yr = (ay + (16) SYSTEM TOLUENE-PURFURAL : RELATIVE VOLATILITY OF 

} : 123-8 ary? TOLUENE TO FURFURAL 

om Fenske still determinations 
T log ye = 0-014 (17) 4 


A Gillespie still determinations 
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y, the normal types of curves are obtained. Sucha ° T 
divergence is noticeable only when a large temperature 
variation occurs in the system, as in this case where 
there is a variation of some 50° C. 

A Li-Coull plot is shown in Fig 15, and calculated 
equilibrium values are listed in Table V. 


TaBLe V 
Toluene-Furfural Predicted Data 


¢ | ve | 


0-559 | 1-854 1-007 
0-381 | 1-662 1-030 
0-283 | 1-494 1-069 
0-222 | 1-354 1-130 | 
0-179 | 1-242 1-218 
0-112 1085 1-501 “4: » 
0-079 | 1-088 1-720 | 2 
| 1-009 2-020 | 2-4: Fie 15 
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SYSTEM TOLUENE-FURFURAL : LI-COULL CORRELATION 

© Toluene (Fenske still) Toluene (Gillespie still) 

(3) Methyleyclohexane—F urfural. This system is A Furfural (Fenske still) » Furfural (Gillespie still) 
even less ideal than the previous one, and exhibits 


partial miscibility at room temperature. The system naphthene, which would play a minor réle in correla. 


tion due to the effect of small analytical errors in this 
range. The correlating Li-Coull equations for this 
system are : 


349-8 
(zy + 1-050 


303-6 xy" 
(xy + 0-952 ry)" 


T log yu (18) 


z 


T log yy (19) 


and calculated equilibrium values are listed in 
Table VI. 
The corresponding curves appear in Figs 16 to 19. 


8 
> 


° 


60 
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SYSTEM TOLUENE-FURFURAL : ACTIVITY COEFFICIENTS 


N VAPOUR 


© Toluene (Fenske still) (-] Toluene (Gillespie still) 
4 Furfural (Fenske still) x Furfural (Gillespie still) 


3 


The solid curves correspond to equations (16) and (17). 


is, however, entirely miscible at its atmospheric 
boiling point. Physical analysis becomes impossible 
with two liquid phases present, and chemical analysis 
was adopted involving the aqueous extraction of 
furfural, and its subsequent estimation by controlled 
bromination. 

This system was investigated using the Fenske-type 
still with a vacuum. jacketed condensate cup. The MOL PERCENT LIQUID 
severely non-ideal nature of this system is reflected . 
in the unusual nature of the temperature—com position Anda 
curve (Fig 17), in that it is virtually isothermal over 
80 per cent of the entire concentration range. Hence 
the “ flashing ”’ effect observed in the toluene—furfural 
system is absent except for the range 0 to 10 per cent 


MOL PERCENT METHYLCYCLOHEKANE | 


° 


© Experimental determinations 
Azeotrope 


The solid curve is derived from equations (18) and (19). 


0-2 0-8 0-619 
0-717 
O4 06 0-778 
05 0-821 
0-6 O-4 0-856 
0-7 | 0-888 ras 
08 OF 0-921 
09 O1 | 0-956 : 
40 
4 
| 
| 
| 
la 
| | 
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Taste VI 


Unfortunately the severity of non-ideality is too great 
for the relatively simple Li-—Coull 


_ Mions to apply 
exactly, particularly in the calculation of the temper- 


Methyleyclohexane-Furfural Predicted Data 


ay | 


RELATIVE VOLATILITY 


Ne 


| Yu ye yu ye 
OL O9 120-3 | 0742 0-258 | 4562 1-017 | 25-90 
O2 O8 | 1084 | 0850 O150 | 3485) 1-076 | 24-04 
O38 OF 1043 0-866 «60-134 2645 1-187 15-91 
O4 103-1 | O874 0126 | 2-065 1-362 10-94 
05 O56 102-9 | O875 0-125 1663 1-628 7-02 
06 O4 102-8 0-877 ©1238 | 1390 2-034 | 4-72 
O38 | 1025 | O119 | 1207 2660) 316 
O8 O2 101-9 | 0894 06106 | 1-087 3640 2-09 
Oo OF 101-1 0-925 1-022 | 1:37 


0-075 
} | 


ature-liquid composition curve. 
one of two causes ; 


This may be due to 


(a) The relation (7' log y),,,, == constant may 
not apply exactly over a temperature range of 
sixty degrees. 

(b) The Li-Coull expressions are themselves too 
simple to describe the system. 


The divergence is not great, however, and the 
activity coefficient, equilibrium and relative volatility 
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SYSTEM METHYL) ( LOHEXANE-FURFURAL : 
COMPOSITION CURVES 


TEMPERATURE 


© Experimental values (liquid) 
4 Experimental values (vapour) 


curves are obtained from the equations above. The 
temperature-liquid composition curve, however, is 
drawn from the experimental results directly, It is 
interesting to see that it is precisely in the 0 to 10 per 
cent naphthene range that the experimental values of 
y show a marked divergence from the correlated 
curve ; this is attributed to flashing in the still. 

The relative volatility curve indicated that an 
azeotrope existed at approximately 95 mol per cent 
methyleyclohexane, This was confirmed by the 


“ho 
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MOL PERCENT METH YLCYCLOHEXANE 
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SYSTEM METHYL CLOHEXANE—FURFURAL : 
VOLATILITY OF METHYLCUYCLOHEXANE TO 


RELATIVE 
FURFURAL 


© Experimental determinations 
A, Calculated from equations (18) and (19) 


fractionation of a 95-5 per cent mixture in one of the 
thirty-plate refining columns used for preparation of 
pure materials and employing a reflux of 25:1. 
Analysis of six overhead samples gave the azeotropic 
composition as 95-8 mol per cent methyleyclohexane, 
4-2 mol per cent furfural, boiling at 100-8° C/760 mm, 
and the azeotrope has a miscibility temperature of 
16°C. This azeotrope has not been recorded pre- 
viously in the literature. The Li-Coull plot is shown 
in Fig 20. 
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© Methyleyclohexane A Furfural 


The solid curves are derived from equations (18) and (19). 
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LI-COULL CORRELATIONS FOR SYSTEMS METHYLCI(LO- 
HEXANE-FURFURAL AND HEPTANE-FURFURAL 


THE TERNARY SYSTEM METHYLCYCLO. 
HEXANE-TOLUENE-FURFURAL 


Experimental Data, All experimental work was 
carried out on the Fenske type of still, mostly using a 
vacuum-jacketed sample cup. 

The introduction of a further concentration variable 
makes a graphical! presentation of experimental results 
difficult, and subject to much interpolation. Hence 
activity coefficients and relative volatilities were 
obtained from experimental data, and each derived 
function compared numerically with the predicted 
values obtained from the Li-Coull equations as 
extended to ternary systems. Five series of runs 
were made at approximately 15, 30, 45, 65, and 
80 mol per cent furfural. In each series, the hydro- 
carbon ratio was varied from approximately 17/83 
to 83/17 (methyleyclohexane to toluene), there being 
five runs at each solvent level. 

The Li-Coull ternary equations ** are based entirely 
on constants derived from the participating binary 
systems. The effect of ternary collisions is therefore 
ignored, but it is unlikely to play an important réle in 
determining the activities of the various molecular 
species. 

For each component in turn : 


12) (Ys 13\ f 


1 
tog = (5) + (12) 


OF C,HYDROCARBON-FURFURAL SYSTEMS 


* Asin other parts of this paper, only correlated equilibrium data are quoted, in order to conserve space. 
are obtainable, in the form of photostat copies, from the Chemical Engineering Department, Birmingham University. 


Plog ys = + (bo) 


(te) + 


(72) (52) 


Li and Coull assume also that k,, is nearly inde- 
pendent of the presence of molecules other than species 
1 and 2, i.¢. kj, in a ternary mixture is identical with 
ky, in the binary system 1-2. The only new constants 
involved are : 
and his 
3 
These are obtained by the following method : 


23 
by (b3/by)13 
/by)s5 24 
by (bg /Dy 
kun (Kag/ba)ag 


b, (b, 


i.e. ternary correlation by this method involves no 
data other than those of the constituent binary data. 
It is found that in all the ternary systems examined, 
equation (26), which is a necessary restriction imposed 
by the previous equations, holds to a very close 
degree—within the limits of experimental errors : 


(by /bs)15 (26) 
be! (Dg /bs)as 

From the equations presented, it is possible to predict 
values of y,, ya, and yz; furthermore, the relative 
volatility of the hydrocarbon components may be 
calculated by equation (15), using the calculated 
values of y, and vy. 

Finally, equation (3) also applies, and thus the 
boiling point can be caleulated by trial and error. 

Runs at 15 and 30 mol per cent furfural were 
carried out using an ordinary distillate cup, which 
resulted in the experimental relative volatilities 
being slightly greater than the predicted values, 
particularly with the runs made at 30 per cent 
furfural. 

The overall deviation between calculated and 
experimental activity coefficients and _ relative 
volatility is 2 per cent, if two results are excluded out 
of the twenty-five obtained.* This compares quite 
favourably with other published data on anal gous 
systems. The poor agreement found in the two 
rejected sets is due to errors inherent in analysis, 
which occur only when a high toluene concentration is 
involved; there is a tendency for the toluene to retain 
some of the furfural at the extraction stage, even after 
three or four extractions. 

The experimental results are correlated by the 
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Liquid compositions 


0-10 


0-20 


0-30 


0-40 


0-50 


0-60 


0-70 


0-09 
O18 
0-27 
0-36 
O45 
0-54 
0-63 
O72 


0-08 
0-16 
0-24 
0-32 
0-40 
0-48 
0-56 
0-64 
0-72 


0-07 
O14 
0-21 
0-28 
0-35 
0-42 
0-49 
0-56 
0-63 


0-06 
0-12 
O18 
0-24 
0-30 
0-36 
0-42 
0-48 
0-54 


0-05 
O10 
20 
O25 
0-30 
0-35 
40 
O45 


0-04 
0-08 
O12 
0-16 
0-20 
O24 
28 
0-32 
0:36 


0-03 
0-06 
0-00 
O12 
O15 
0-18 
O21 
O24 
027 


OBI 
0-72 
0-63 
0-54 
O45 
0-36 
0-27 
18 
0-09 


0-72 
0-64 
0-56 
0-48 
0-40 
0-32 
0-24 
0-16 
0-08 


0-63 
0-56 
0-49 
0-42 
0-35 
0-28 
O21 
0-07 


0-54 
0-48 
0-42 
0°36 
0-30 
0-24 
0-18 
O12 
0-06 


0-45 
0-40 
0-35 
0-30 
O25 
0-20 
O15 
O10 
0-05 


0:36 
0-32 
0-28 
24 
0:20 
0-16 
O12 
0-08 
0-04 


0-27 
0-24 
O21 
O18 
O15 
O12 
0-09 
0-06 
0-03 


Methyleyclohexane-Toluene-Furfurul Predicted Data at 760 mm 


120-7 
117-4 
114-6 
112-3 
110-1 
108-3 
106-7 
105-3 
104-1 


124-8 
121-2 
118-1 
115-3 
112-8 
110-7 
108-8 
107-1 
105-6 


Yu 


0-158 
0-289 
0-402 
0-502 
0-593 
0-678 
0-759 
0-839 
0-918 


0-169 
0-308 
0-425 
0-527 
0-618 
0-700 
0-778 
0-855 
0-928 


0-180 
0-327 
0-448 
0-643 
0-724 
0-799 
0-868 
0-936 


0-194 
0-346 
0-471 
0-527 
0-666 
0-745 
0-817 
0-882 
0-942 


0-206 
0-366 
0-495 
0-600 
0-689 
0-764 
0-854 
0-894 
0-950 


0-218 
0-386 
0-623 
0-710 
0-848 
0-004 
0-953 


0-232 
0-404 
0-536 
0-643 
0-728 
0-862 
0-969 


Taste VII 


Activity coefficients 


Be... yr 
1314 2189 
1-262 1001 2375 
1214 1002 2590 
1171 1-007 2-833 
1135 
1104 1-028 3-426 
1076 1-046 3-786 
1054 1065 4203 

4-660 


1-468 1-025 1-830 
1-405 1-017 1-953 
1-350 1-009 2-092 
1-298 1-007 2-245 
1-253 1-006 2-415 
1-212 1-008 2-608 
1174 1-013 2-822 
1-142 1-020 3-065 


1-113 1-030 3-335 


| 1-035 1-090 
| 
| 
| 
| 
| 1-666 1-069 1-572 
1-598 1-054 1-653 
1-533 1-042 1-740 
1-474 1-031 1-835 
1-024 1-942 


1-369 1-018 2-059 
1-321 1-015 2-186 
1-279 1-013 2-326 


1-241 1014 2-484 


1-925 1-133 1-385 
1-852 1114 1-435 
1-780 1-098 1-489 
1-713 1-083 1-550 
1-649 1-070 1-614 
1-590 1-059 1-686 
1-536 1-049 1-763 


1-484 1-040 1-846 
| 1-435 1-034 1-936 
2-256 1-221 1-248 
2-182 1-201 1-279 
1-182 1-312 
2-035 1-164 1-348 
1-964 1-148 1-339 
1-899 1-132 1-429 
1-834 1-118 1-472 
1-775 1-105 1-622 
| 1-700 1-092 1-574 
| 2-680 1-336 1-148 
| 2-611 1-315 1-166 
2-538 1-296 1-186 
| 2-467 1-277 1-206 
| 2-304 1-260 1-228 
| 2-927 1-242 1-252 
| 2-257 1-226 1-277 
| 2190 1-209 1-304 
| 2-128 1-193 1-331 


3215 1-479 1-078 


3-148 1-462 1-086 
3-091 1-445 1-100 
3-031 1-427 1-109 
2-971 1-410 1-120 


2-907 1-393 1-130 
2-842 1-376 1-145 
2-775 1-360 1-158 
| 2-713 1-344 1-171 


« solvent-free mol fraction of M. 


| Rel. vol. 


eee 


1-565 


Vapour composition 


Yu 


0-151 


0-276 
0-384 
0-478 
0-563 
0-642 
0-715 
0-786 
0-854 


0-156 
0-284 
0-392 
0-485 
0-568 
0-642 
0-710 
0-774 
0-835 


0-161 
0-293 
0-402 
0-496 
0-577 
0-648 
0-712 
0-773 
0-828 


0-168 
0-303 
0-414 
0-507 
0-588 
0-658 
0-721 
0-777 
0-827 


0-173 
0-311 
0-425 
0-520 
0-599 
0-668 
0-730 
0-782 
0-830 


0-175 
0-317 
0-431 
0-527 
0-606 
0-675 
0-734 
0-786 
0-833 


0-174 
0-313 
0-429 
0-605 
0-673 
0-731 
0-782 
0-825 


0-273 
0-201 
O15 2 
0-065 


0-732 
0-603 
0-496 
0-403 
0-321 
0-248 
0-181 
0-057 


0-698 
0-571 
0-464 
0-374 
0-295 
0-225 
0-162 
0-104 
0-051 


0-665 
0-538 
0-433 
0-346 
0-271 
0-205 
0-146 
0-094 
0-045 


0-627 
0-504 
0-404 
0-319 
0-248 
0-186 
0-132 
0-083 
040 


0-578 
0-464 
0-370 
0-291 
0-224 
0-167 
O-117 
0-074 
0-036 


0-050 
0-053 
0-057 
0-062 
0-070 


0-078 
0-077 
0-078 
0-079 
0-081 
0-085 
0-089 
0-094 
0-100 


0-107 
0-104 
0-102 
0-101 
0-102 
0-104 
0-107 
0-110 


0-134 
0-126 
0-122 
0-119 
O-1L7 
O-119 
0-122 


0-162 
0-151 
0-142 
0-134 
0-130 
0-127 
0-124 
0-124 
0-125 


0-198 
0-179 
0-165 
0-154 
0-146 
0-139 
0-134 
O-131 
0-127 


0-248 
0-223 
0-201 
0-185 
O-171 
0-160 
0-152 
0-144 
0-139 


12 
= = = | Our = Yr ye 
110-3 1-69 0-805 0-044 
108-5 1-63 0-680 0-044 
106-9 1-57 0-571 0-045 
105-7 1-51 0-474 0-048 
104-7 1-46 0-387 
103-8 | 0-305 
102-9 | 0-228 
102-3 
101-6 I 0-0 
112-0 1 0-766 
110-0 | J 0-639 
108-3 | 0-530 
106-9 | 0-436 
105-7 | 0-351 
| 104-7 | 
103-8 | 1-515 
103-1 1-465 
102-5 | 1-415 
113-8 | 1-985 
1-945 
109-6 1-890 
108-0 | 1-845 
1067 | 1-795 | 
| 105-6 | 1-745 
104-6 1-695 
103-9 | 1-645 
103-1 1-600 
115-6 | 2-155 
| 118-1 2-125 
| 10-9 2-085 
1076 1-990 
; 106-3 | 1-945 
105-2 1-905 
104-2 | 1-860 
103-4 1-815 
= | | 2-335 
| 114-9 | | 2-315 
112-4 2-28 
| 110-3 | | 2-245 
| | 22 
| 107-0 | 2-17 
| 105-6 | 213 
| 106-7 | | 2-09 
103-9 2-04 
| 
| | | 2515 | 
2-515 
a | 2-490 | 
| 2476 
= | 2445 | 
| | 2415 | 
| 2386 | 
| | 2-355 
| | 2825 | 
| 2-70 
| 2705 | 
| 270 | 
| 269 | 
| 268 | 
| 2665 | 
| 268 | 
| | 262 | 
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VII-—continued 


Liquid composition Activity coefficients Rel. vol. Vapour composition 
ro B.p., * 
fc | 

0-80 0-02 0-18 131-3 | 0-242 3-874 1-652 1033 | 28385 | 0 161 0-504 0-335 
0-04 0-16 | 127-5 0-421 3-844 1-645 1038 | 290 | 0-205 0-406 0-299 
0-06 O14 | 1242 | 0-555 3-807 1-630 1-041 2-92 | 0-407 0-325 0-268 
0-08 O12 | 321-2 | 0-660 3-766 1-617 1-046 2-935 0-500 0-256 
0-10 O10 1184 0-746 3-728 1-605 1-050 2-4 0-580 0-197 0-223 ~ 
0-12 0-08 115-9 3-689 1-593 1-055 2945 | 0-648 147 0-205 
O14 0-06 | 113-7 | 0-873 3-639 1-580 1-060 2-935 | 0-706 0-103 O-191 
0-16 004 | ILL 0-922 (| 3-588 1-567 1-066 2-935 0-756 0-064 0-180 
0-18 0-02 | 109-9 0-964 | 3-534 1-552 1-071 2-93 | O80l 0-030 0-169 

| 

0-90 0-01 0-09 142-3 | 0-250 4-615 1-849 1007 | 3005 | 0120 0-361 0-519 ae 
0-02 0-08 | 139-1 0-424 4-618 1-847 1-008 3-025 0-226 0-307 467 Se. 
0-03 0-07 | 136-2 0-558 4-623 1-844 1-009 305 | 0-252 0-430 
0-04 006 | 1336 | 0-671 4-619 1-841 1010 | 307 | 0-404 198 0-398 
0-05 0-05 | 131-0 | 0-755 | 4615 1-837 1012 | 3-09 0-478 O14 0-368 
0-06 0-04 | 1286 | 0-823 4-609 1-832 1-013 3-105 0-544 O-116 0-340 
0-07 0-03 | 1264 | 0-880 4-597 1-828 312 0-601 0-082 
0-08 0-02 124-3 0-926 1-823 1-015 3-135 0-653 0-052 0-295 
0-09 0-01 | 122-3 | 0-965 4-572 1-817 1-016 3-15 0-699 0-025 0-276 

| | | 
1-00 0-00 0-00 | 161:7 | 0-000 | 5-359 2-055 1000 | 3030 | 0-000 0-000 1-000 


yu* = solvent-free mol fraction of M. 


following equations, based exclusively upon data 
obtained from the constituent binary systems : 


37-192)? + 349-82," + 223-322, 


9 
log YM (ay t+ (27) 
+- 162-82? 143-62y2p 9 
log ye (ap t ty (28) 
2, 2 92. 2 4. 
T log ye 303 { 123 38. ) (29) 


(xp + O-952xy + 0-9142,) 


PREDICTED DATA ON TERNARY SYSTEMS 
SUITABLE FOR GRAPHICAL PRESENTA. 
TION 


To make full use of the correlating equations, and 
to obtain data in a form suitable for graphical inter- 
pretation, such as can be used in extractive distillation 
calculations, complete sets of predicted data have been 
prepared in Table VII for the ternary system. The 
values were obtained with the aid of a ‘* Marchant ”’ 
automatic electric calculating machine. The general 
procedure was as follows : 


(1) The mol fraction of furfural was fixed at 
definite intervals of 0-1, from 0-0 to 1-0. 

(2) At each furfural level eleven hydrocarbon 
compositions corresponding to solvent-free con- 
centrations of 0, 10, 20, .. . 90, and 100 per 
cent were then fixed. 

(3) Using the correlating equations developed 
(20) to (22), the values of 7’ log y for each com- 
ponent were obtained. 

(4) By interpolation of experimental results, 
approximate values of the temperature ¢ and 


hence 7' were obtained, and provisional solutions 
for y,, yo, and y. developed. 
Yu Ye Yo 

(5) At the provisional temperature ¢, values for 
P;, Po, and p, were obtained and similarly z,. 2, 
and 

(6) Hence the total pressure 7 is caiculated as 


123 

(7) If this result differed appreciably from 
760 mm, a new temperature ¢ was fixed, and new 
solutions made for the y, p, and z values. Nor. 
mally a second trial sufficed. 

(8) Once the final temperature had been estab- 
lished, values of the relative volatility of the 
hydrocarbons ayr were evaluated by equation 
(15). 

(9) Values of the equilibrium vapour composi- 
tion were then deduced by the relation 


PY 


~ 


(10) Finally, in order to obtain equilibrium 
curves at fixed solvent concentrations, the 
solvent-free hydrocarbon compositions y* were 
determined. 


All the above values have been expressed graphically 
in Figs 21 to 26, which represent respectively : 


Boiling point versus liquid hydrocarbon com- 

position (parameter—per cent furfural). 
Relative volatility versus hydrocarbon com- 

position (parameter—per cent furfural). 
Methyleyclohexane activity coefficient versus 

hydrocarbon composition (parameter—per cent 

furfural). 
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Fie 22 
SYSTEM METHYLCY CLOHEXANE~TOLUENE~FURFURAL : RELA- 
TIVE VOLATILITY OF METHYLCYCLOHEXANE TO TOLUENE 
IN THE PRESENCE OF FURFURAL 


ACTIVITY COEFFICIENT OF FURFURAL 


229. 
z 
— PARAMETER 
MOL PERCENT METHYLC YCLOWEXANE IN LIQUID 
60 100 dg 
MOL PERCENT METHYLCYCLOHEXANE IN HYOROCARBON Fic 26 
Fia 23 SYSTEM METHYLC : EFFECT 
SYSTEM METHYL( CLOHEXANE-TOLUENE-FURFURAL OF FURFURAL ON THE VAPOUR-LIQUID EQUILIBRIUM 


ACTIVITY COEFFICIENT OF METHYL I CLOHEXANE CURVE OF THE HYDROCARBON BINARY 
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Toluene activity coefficient versus hydrocarbon 
composition (parameter—per cent furfural). 

Furfural activity coefficient versus furfural com- 
position (parameter—hydrocarbon composition). 

Equilibrium curve for the hydrocarbons (para- 
meter—per cent furfural). 


The behaviour of the ternary system is depicted 
clearly in this manner, and several interesting char- 
acteristies have been found, particularly that the 
relative volatility increases with increased solvent 
concentration, but only up to a point. At very high 
furfural concentrations « actually falls, and this may 
be important in the selection of operating conditions 
in an extractive distillation unit, particularly when 
the solvent boils at a much higher temperature than 
the key components, and when the systems are more 
ideal than in the case under consideration. This 
behaviour confirms the theoretical deductions of 
Herington.™* 


TERNARY ANALYTICAL DATA 


When it was realized that chemical analysis of 
certain ternary mixtures rich in toluene was un- 
reliable, it was decided to obtain complete sets of 


MOL PERCENT TOLUENE 
Fia 27 
SYSTEM METHYL( FURFURAL 
ANALYTICAL DIAGRAM 
The 
(nfs). | | 
The broken lines represent lines of constant density (p?"). 
The solid curves represent curves of constant miscibility 
temperature 


solid lines represent lines of constant refractive index 


analytical data for the ternary system. The method 
used was similar to that cf Carlson, Schubert, and 
Fenske.? Using ten different hydrocarbon ratios 
at fixed furfural concentrations of 0, 10, 20, . 90, 
and 100 per cent about 100 samples were prepared, of 
known composition by weight. These mixtures 
were prepared volumetrically using 0- to 10-ml 
burettes and 0- to 1-ml pipettes, weighings being made 
after each operation. Compositions were finally 
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expressed as mol percentages. In the case of 
mixtures miscible at 20° C, the refractive index and 
specific gravity values were determined by Pulfrich 
refractometer and modified Westphal balance re- 
spectively, the samples required being | ml and 20 
to 25 ml. Two-phase mixtures were placed in the 
Westphal balance cylinder, and the circulating water 
heated until the cloud point or critical solution temper- 
ature was reached. Measurements were made at both 
disappearance and reappearance of the second phase. 
Values obtained are presented graphically in Fig 27. 


DISCUSSION 


Pressure measurements were accurate to +1 mm, 
corresponding to a temperature variation of 0-05° C. 
Temperature measurements were, however, accurate 
only to 020°C, and a more sensitive instrument 
would have been desirable. Inherent failure of still 
operation, due to the still design must be considered. 
Very few absolute criteria exist for thermodynamic 
equilibrium,” but it is believed that the Li-Coull 
method of correlation offers a possible criterion, 
particularly for isobaric systems, which are discussed 
below. 

It is likely that the Fenske still, in common with 
most stills employing a recirculation principle, tends 
to exhibit “ flashing’ of returning condensate, when 
the difference in boiling point between liquid charge 
and condensate is more than about 10°C. It is 
interesting to see from Figs 13 and 18 that the experi- 
mental relative volatility values always lie above the 
correlation curve, where such differences in temper- 
ature exist, and furthermore, the greater the temper- 
ature difference, the greater the discrepancy. It is 
therefore concluded that the Fenske still is eminently 
suitable for both ideal and non-ideal solutions when- 
ever the liquid and condensate boil within 10° to 
20° C of each other, but tends to exhibit fractionation 
effects outside these conditions. Other investigators 
have since confirmed this conclusion.” In such 
cases the Gillespie still, as modified according to 
previous details, gives more reliable results. 

It is also apparent that physical methods of analysis 
of ternary mixtures are preferable to chemical 
methods, which, however, should be employed 
when two phases are present. For the experi 
mental runs, made at 15 per cent furfural, the 
hydrocarbon phase remaining after furfural extraction 
was sufficiently large to result in a water-hydro- 
carbon ratio in the extraction process of only 5: 1, 
whereas in the runs, at 80 per cent furfural, the ratio 
would be 80:1, ensuring complete extraction of the 
polar compound. A ratio of 5: 1 proved satisfactory, 
however, when the toluene content of the hydrocarbon 
phase was small. However, the chemical analysis of 
some samples taken from runs at 15 per cent furfural 
concentration was in error for this reason. The 
subsequent hydrocarbon analysis is correct, however, 
as the material was given a bisulphite wash prior to 
analysis. 
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Hence the relative volatility values (experimental 
and predicted) agreed in these cases more closely than 
the activity coefficient values. 

The average deviation for all ternary data was about 
3-5 per cent, and the overall averages of experimental 
and predicted values of y and « agreed within 0-5 per 
cent, indicating that no particular functions were 
consistently lower or higher than the caleulated values. 


APPLICABILITY OF THE LI-COULL 
METHOD 


The use of z-factors in the caleulation of activity 
coefficients is relatively new, and many current 
equilibrium studies ignore deviations in the gas phase. 
However, if correlating equations are deduced entirely 


from a study of liquid behaviour, then it appears- 


logical that only truly liquid deviation factors should 
be used for correlation purposes, and not overall 
correction factors. Furthermore, in the Li-Coull 
method of correlation, the slopes of the straight line 
plots are considerably altered by the inclusion or 
omission of z-factors, Now the b,/b, ratios are 
calculated mainly from the relation of the slopes, and 
inaccurate values of these ratios resuit if z-factors are 
omitted, Hence not only binary, but ternary correla- 
tion is affected. To be specific, the binary methyl- 
cyclohexane—toluene is seen in Fig 11 to be completely 
symmetrical, i.e. only one curve is required for both 
components, Neglect of z-factors would produce two 
curves of differing slopes. 


PREDICTED TERNARY DATA 


The graphs of predicted ternary data have demon- 
strated some new aspects which affect the extractive 


distillation process. In particular, the curves of 
relative volatility as a function of concentration 
(Fig 22) indicate that the rate of increase of « as a 
function of increase in furfural concentration is some 
direct funetion of the naphthene concentration, i.e. 
the rate of increase of « is greatest in the region where 
it is most desirable. Furthermore, « becomes inde- 
pendent of hydrocarbon ratios at 80 per cent furfural 
concentration, This confirms the work of Fenske et 
al*® using aniline. Even more remarkable is the 
fact that an overall maximum of « occurs at about 
#0 per cent furfural. This is accounted for by the 
fact that above 80 per cent furfural, the bubble point 
temperature rapidly rises, resulting in a considerable 
reduction in the ratio of the activity coefficients 
yu/yr. This becomes so marked between 90 and 
100 per cent solvent that « actually decreases, Con- 
firmation of this is seen in Fig 28, which shows that 
under isothermal conditions at 130° C, the isothermal 
values of « still continue to rise normally as the solvent 
content rises from 80 to 100 per cent. (The only 
assumption used in the calculation of these curves is 
that 7 log y = constant, which is known to be 
reasonably true.) 


Another feature of the ternary graphs is that the 
mutually soluble component, toluene, exhibits a 
decrease in activity coefficient as furfural is added to a 
binary hydrocarbon mixture, reaching a minimum at 
about 30 per cent furfural, before rising more normally. 
The equilibrium curve (Fig 26) becomes ever more 


RELATIVE WOLATHITY 


40 
THY! IN 
MOL PERCENT WETHYLCYCLO 


Fig 28 


SYSTEM : RELA- 
TIVE VOLATILITY OF METHYLCYCLOHEXANE TO TOLUENE 
at 130° c, IN HIGH CONCENTRATIONS OF FURFURAL 


bowed as the solvent concentration increases. No 
ternary azeotrope was discovered, and it is unlikely 
that one exists in this system. 


A NEW CRITERION OF EQUILIBRIUM 


The Li-Coull equations are amongst the few 
practical isobaric equations yet produced for ternary 
systems. This raises a question as to whether isobaric 
or isothermal data should be sought. As most 
distillation operations are approximately isobaric, 
from the practical aspect, isobaric equilibrium data 
are desirable. However, nearly all the present 
correlating equations are based on the Gibbs-Duhem 
equation, which normally assumes isothermal condi- 
tions. Great need exists at the moment for isobaric 
equations in which y is expressed as a function of 
temperature and composition. The relation 7’ log y 
constant seems to hold reasonably well over the 
temperature ranges involved in the present work and 
with the types of systems encountered, It is believed 
that the Li-Coull equations are quite valuable as a 
powerful criterion of equilibrium, at least with the 
present type of mixtures, when developed in the 
following manner, 

The authors point out that in any given binary the 
b,/b, ratio can be obtained by fou. different methods 


(31) 


It is concliced from this work and earlier investiga- 
tions, that in reliable true equilibrium data these 
four values should agree very closely. This is borne 
out by the values obtained in this investigation. 

The Li-Coull equations demand certain relation- 
ships which are not stressed in the original paper. 
These are best demonstrated graphically, as in Figs 
29 and 30. 


2 
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First, consider a symmetrical” system. One 
curve of the type 
(32) 


holds for both components, where Y = (7 log y)', 
X being the mol ratio; S and J slope and intercept 
respectively. In this case b, = b, and hence S = /, 
and equation (32) becomes 


S - S(X 


28 = 21 


1) (33) 


Hence at 


Curve II (Fig 29) is a typical example of a sym- 
metrical semi-ideal system, e.g. two hydrocarbons; 


[ 
/ 


/ 
ow 4 IV 
> 


— 
os 


or “4, 
Fie 29 


SYMMETRICAL 


CORRELATION CURVES FOR 
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LI-COULL 
SYSTEM ; 


CURVES FOR MODERATELY NON-IDEAL 
EFFECT OF VARYING b-RATIO 


GENERAL 
UNSYMMETRICAL 


curve IV represents a moderately non-ideal system, 
eg. aromatic hydrocarbon—furfural, and curve V a 
severely non-ideal system, which approaches im- 
miscibility even at the boiling point, ¢.g. a paraffin— 
furfural mixture. Thus, depending on the slope, the 
intercept is fixed. 

Secondly, consider the more general case of non- 
© 
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symmetrical systems. Each component is now repre- 
sented by a straight line of the type 


Y, = 8,X,+ (34) 
Y, = + 1, (35) 
At the point of intersection, 
Y, = Y, and X, = I, = X* 
Eliminating Y, and Y, 
I, —TI, 


Using the relations of equation (31), 
, = 1,8/1, and S, = 1,?/I, 

Hence the abscissa value X*, at the intersection is 
given by 


S 


or X* Ll, (38) 


simplifying to 
I, 


(a9 
b, (3) 


The ratio 5, /b, is thought to be the ratio of the partial 
molar volumes, and rarely exceeds a value 
practice, 


of 2-0 in 


It can be seen from Table VIII, that the 


Taste VIII 
Relationship Between b, b, and X* 


b, /by x* b, [by x* 
1-0 0-333 1-5 0-329 
0-333 20 0-321 
1-25 0-332 2-5 


position of intersection is virtually constant, regard- 
less of the b-ratio. 

Fig 30 shows the effect of varying the b-ratio in a 
hypothetic system of moderate non-ideality from 1-0 to 
0-7, As the b-ratio deviates from unity, the ratio of 
the slopes increases, but all the lines virtually pass 
through one common point of intersection at X*, 

The second criterion of equilibrium involves the 
average ordinate value Y’ at the equimolar concentra- 
tion x,/%, = X 1, and the average intercept value 


Starting from equations (34) and (35), putting X, 
and X, equal to unity, 


) l t (40) 
Y, 1, (41) 
Eliminating S, and S, as previously indicated, 
by hy ¥ hb, by) (44) 
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For a symmetrical system, (44) becomes 
and from the Table IX, it can be seen that the 
influence of the b-ratio is very small, for all practical 
Cases, 


IX 
Relationship Between b,/b, and Vb,/by + V by/b, 
b, b, b, by t by b, b, Vv b, /by by/b, 
10 20 1-5 2-041 
2-02 20 2-121 
125 | 2-012 2-5 2-213 


PART II. 


VAPOUR-LIQUID EQUILIBRIA 


When it is realized that the highest b-ratio in any 
of the systems investigated in this paper is under 
1-1, it is reasonable to assert that, as the second 
criterion, the average (7' log y)* value at 50-50 
concentration is twice the average value of the 
intercepts. 

Unless association effects are present, or the con- 
stancy of the product (7' log y),,,, is in doubt, over the 
temperature range of the system, data which fail to 
conform to these two criteria are liable to suspicion, 
at least with the types of systems investigated in these 
papers. 


BINARY AND TERNARY DATA FOR THE SYSTEM 


n-HEPTANE-TOLUENE-FURFURAL 


SUMMARY 


Isobaric equilibrium data are presented for the system n-heptane—toluene—furfural, and those constituent 


binary systems not already included in Part I. 
furfural, 


A new binary azeotrope is reported involving n-heptane and 
Excepting the toluene—furfural binary system, which, as reported in Part 1, was investigated on both 


the Gillespie and Fenske stills, the remaining systems were investigated using the Fenske still, at 760 mm pressure. 
The Li-Coull correlation method as described in Part | was used for this ternary system. 
The ease of separation of the C, paraffin-eromatic binary is greatly increased by the presence of furfural. 
Analytical data for the ternary system are presented for the first time. 


INTRODUCTION 


A GENERAL and theoretical introduction to vapour— 
liquid equilibrium, as it appertains to this present 
study is presented in Part I, Furthermore, the 
apparatus described in Part I was used without 
modification for the work described herein. 


MATERIAL EMPLOYED 


The only new material employed in this study was 
n-heptane, The commercial material, as received 
from Phillips Petroleum Co., had a purity of approxi- 
mately 99-2 per cent; ordinary fractional distillation 
was not effective in eliminating the impurities, and it 
was necessary to employ azeotropic distillation (with 
methyl alcohol as entrainer) to obtain a purity corre- 
sponding to a refractive index within 0-0002 of that 
quoted by the API, Assuming the impurity to be 
iso-octane, the material obtained thus would be 
10-9 per cent heptane. The heptane-methanol 
azeotrope ‘(b.p. 50-1° C, 48-5 per cent heptane) was 
obtained overhead, water-washed, and finally dried 
over metallic sodium, 


PROCEDURE 


Operation of the stills and preparation of mixtures 
was similar to that described in Part I. For the 
ternary system investigation, furfural contents of 
approximately 20, 40, 60, and 80 mol per cent (liquid 
phase) were used, various hydrocarbon ratios being 
employed at each solvent level. 


ANALYSIS 


Heptane-Toluene. Refractive Index data of 


Bromiley and Quiggle * were employed for the present 
These values are also shown in Fig 3. 


study. 


MOL PERCENT 
Fie 31 


SYSTEM 
DIAGRAM 


TOLUENE 


ANALYTICAL 


The solid lines represent lines of constant refractive index 
(nf). 
The broken lines represent lines of constant density (0). 


The solid curves represent curves of constant miscibility 
temperature (°C), 


Heptane—Furfural. This binary is similar in 
behaviour to the methyleyclohexane—furfural system. 
However, the critical solution temperature was 


“4 
90 f) 
i © t 
4 $ °% 
4 ©, fot} Pig 


higher, being approximately 94°C. The method of 
analysis employed was identical to that used for the 
former binary. 

Heptane-Toluene—Furfural. As a result of the 
difficulty in water-extracting 100 per cent of the 
furfural from ternary mixtures, when the toluene 
content of the hydrocarbon pair was high, such 
mixtures as were single phase above about 10° C 
were analysed by a combined refractive index- 
density method. The analytical data of this system 
are presented in Fig 31. 

Mixtures less rich in toluene were analysed by the 
physico-chemical method outlined in Part I. 


RESULTS 


Vapour pressure data for normal heptane presented 
in Table II, and vapour-phase correction factors (z) 
(at 760 mm) are to be found in Table IIT, and Fig 5. 

(1) Heptane-Toluene. Vapour-liquid equilibrium 
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MOL PERCENT HEPTANE IN LIQUID 


32 
SYSTEM HEPTANE~-TOLUENE, 
Experimental values 


EQUILIBRIUM DIAGRAM 
The solid curve is derived from equations (46) and (47). 


data for this system were obtained using a Fenske- 
type still, equipped with the simple non-jacketed 
sampling cup. Figs 32 to 35 portray the equilibrium 
(7-y) curve, temperature composition, relative 
volatility-composition, and activity coefficient curves 
for this system. 

Values of (7' log y)®® for each component are 
plotted as a function of the liquid mol ratio in Fig 10. 
It can be seen that this paraffin-aromatic binary is 
slightly more non-ideal than the corresponding C, 
naphthene-aromatic system discussed in Part I, 
In contrast to the previous system, however, the Li- 
Coull correlation (Fig 10) takes the form of two 
straight lines, indicating an asymmetric system, the 
heptane curve having the greater slope. The curves 
were drawn by the method of least squares, with 
weighted values between ordinates of 0-1 and 1-00. 
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SYSTEM HEPTANE TOLUENE. TEMPERATURE-COMPOSITION 
CURVES 


) Liquid-experimental values 


A Vapour-experimental values 


The solid curves are derived from equations (46) and (47). 
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SYSTEM HEPTANE-TOLUENE. RELATIVE VOLATILITY OF 
HEPTANE TO TOLUENE 


) Experimental values 


The solid line is derived from equations (46) and (47). 
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PERCENT HEPTANE 
Fig 35 
SYSTEM HEPTANE-TOLUENE, ACTIVITY COEFFICIENTS 


©) Heptane Toluene 


RELATIVE VOLATHITY 


The curves are derived from equations (46) aud (47). 
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SYSTEM HEPTANE-FURFURAL, RELATIVE VOLATILITY OF 
HEPTANE TO FURFURAL 


The solid curve represents experimental values. The 
| | broken curve is derived from equations (49) and (50). 
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BYSTEM HEPTANE-FURFURAL, EQUILIBRIUM DIAGRAM 


© Experimen al values A, Azeotrope 


The solid line is derived from equations (49) and (50). 
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Fia 39 
SYSTEM HEPTANE-FURFURAL, TEMPERATURE~COMPOSITION 
CURVES SYSTEM HEPTANE-FURFURAL, ACTIVITY COEFFICIENTS 


© Experimental values (liquid) © Experimental values—heptane 
A Experimental values (vapour) A Experimental values—furfural 


() Azeotrope The curves are derived from equations (49) and (50). 
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From these curves were developed the following Li- 
Coull type equations : 
43-92)? 
(ay + O-9872 
45-627 
(rp 4 


T log yu (46) 


T log yr (47) 


The calculated relative volatility is expressed as 
Puyurr 

Pry 

By the method outlined in Part I, predicted values of 
yu and yp, Ya and yr can be oltained. These 
values are listed in Table X, and the curves drawn 


(48) 


Leal 


Taste X 
Heptane-Toluene Predicted Data 


yu YT 


‘003 
“Oll 
O25 
O45 
O71 
“104 
“145 
‘193 


“250 


O-161 
O-201 
0-401 
0-497 
0-583 
0-666 
0-750 
0-827 


“830 
709 
“599 
ALT 
334 
“250 
173 
0-089 


108-0 
105-9 
104-2 
102-8 
101-6 
100-7 
99-2 


in Fig 32 through 35 represent these predicted values, 

(2) Heptane—Furfural. This system was investi- 
gated using a Fenske still, equipped with the vacuum- 
jacketed receiver. 

The general characteristics of this binary are very 
similar to those of the methyleyclohexane—furfural 
binary discussed above. It is even more non-ideal, 
and the bubble-point-composition curve is virtually 
isothermal for 85 per cent of the composition range. 
Analytical methods employed were similar to those 
used for the above-mentioned binary, Table XI 


Taste XI 
Heptane-Furfural Predicted Data 


uu 


= 


34-13 
27-44 
18-83 
12-39 


707 


1-019 
‘O82 
201 
393 
“690 

2-158 
‘897 ‘2 
‘103 2-06 

6-152 


0-216 
‘868 0-132 
‘886 
‘888 O112 
S85 O1LLS 
‘B84 O116 
‘892 0-108 

0-921 0-079 


0-784 


— 
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and Figs 36 to 39 correspond exactly to those 
developed for other binary systems described in this 
paper. The same conclusions, as already drawn 
from the naphthene—furfurai study, regarding the 
probability of flashing of vapours from the condensate 
receiving cup, apply for the range 0-10 per cent 
heptane in the liquid phase. 


The corresponding Li-Coull equations for this 
system are : 

396-5arp? 
(ay + L-O80a,)* 


(2p + 0-926a4)? 


log yu (49) 


T log ye (50) 
and the Li-Coull curves are plotted in Fig 20. 

Few systems can approach the two-phase condition 
more closely at the atmospheric boiling point, the 
critical solution temperature being only 5° C lower. 
This characteristic necessitated the use of preheated 
cooling water for the condenser with those runs which 
involved between approximately 40 and 60 per cent 
heptane in the distillate phase, to prevent phase 
separation in the vacuum-jacketed cup. Also, great 
care had to be taken in withdrawing the condensate 
samples, and every precaution had to be taken to 
exclude water from the apparatus, As with the 
naphthene-furfural system, the severely non-ideal 
nature of the system prevents the Li-Coull equations 
from applying exactly, particularly in the calculation 
of temperature—composition curves, The error is not 
great, however, but the curve as drawn in Fig 37 is 
based on experimental evidence. 

The relative volatility curve indicates the presence 
of an azeotrope at approximately 95 mol per cent 
heptane. This azeotrope was confirmed by fractiona- 
tion of a 95/5 mixture in a thirty-plate column at a 
reflux ratio of 25:1. The azeotrope has the following 
properties : 

94-5 mol per cent heptane 
5-5 mol per cent furfural 


98-3° C/760 mm 
Is’ © 


Composition 


Boiling point 
Miscibility point 


This azeotrope has not been reported previously in the 
literature. 

The toluene—furfural system is described in Part I. 

(3) Heptane-Toluene—Furfural. This ternary sys- 
tem was investigated under conditions and procedure 
similar to those for the system methyleyclohexane 
toluene-furfural. As previously stated, the method of 
analysis adopted was varied according to the toluene 
content of the hydrocarbon pair. 

Correlated data for this system were calculated by 
precisely the same method as outlined previously and 
are listed in Table XI, and the system is graphically 
described by Figs 40 to 45. 

Again it is evident that the relative volatility of the 
hydrocarbon pair reaches a maximum at about 
90 per cent furfural. The correlations are based on 
the following equations ; 


43-9a,2 396-5ay? + 263-42, 
(xy + + 
45-6257 162-82," 

(xy t L-OlSay 


T log yu 


171 ty 


T log yr 


315-Bay,? + 123-82,2 
(xy, 0-926a, 


T log y; 


21 
OL 1246 1 1-72 
O3 0-7 11431 1-56 
O04 0-6 1-104 1 1-49 
O58 L070) 1 1-40 
06 O4 1044 1 1-33 
O7 O83 1025 1 1-28 
0-8 0-2 | 1-20 
| 0-9 | 114-0 62 
( O8 102-3 60 
0-3 0-7 98-7 39 
O4 0-6 98-3 36 
OF 98-7 62 
O06 99-2 15 
O83 99-2 35 
i 98-9 00 
09 O1 98-4 24 
i 
(51) 
(52) 
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Taste XII 
Heptane—Toluene Furfural Predicted Data 


Liquid composition Predicted data 
ru a | & yu * yu yr yr ve ur ue 
0-10 0-09 0-81 | 109-5 0-176 1-388 1-003 2214 1-920 0-168 0-789 0-043 
0-27 0-63 105-3 0-429 | 1-260 1-002 2-691 1-760 0-410 0-545 0-045 aS 
0-45 0-45 | 102-5 0-616 1-163 1-019 3-329 1-600 | 0585 0-365 0-050 
0-63 0-27 | 100-5 | 0-774 1-091 1-054 4-195 1445 | | 0-059 
0-81 0-09 | 99-0 0-922 1042 1-110 5395 1-325 | 0-857 0-072 
0-20 0-08 0-72 111-2 0-190 1-573 1-023 1-848 2-125 0-176 0-748 0-076 
0-24 056 | 106-5 | 0-458 1-423 1-005 2-153 | 1975 0-424 0-502 74 
0-40 040 | 1033 | 0-646 | | 1-000 2-542 | 1-825 0-595 | 0-326 079 
0-56 0-24 | 101-2 0-798 | 1-204 1-009 3-047 1-630 0-727 0-186 0-087 
0-72 0-08 | 995 0-934 1-131 1-031 3-706 1-550 0-840 0-060 0-100 
0-30 0-07 0-63 | 1128 0-206 1-811 1-066 1-581 2-345 | 0185 711 0-104 
0-21 0-49 | 107-5 0-485 1-643 1-035 1-775 2-205 0-439 0-465 0-006 
0-35 0-35 | 1040 | 0-673 1-497 1-014 2-012 2-065 0-609 0-295 0-006 
0-49 0-21 | 101-5 | 0-819 1-376 1-002 2-308 1-930 0-735 0-163 0-102 
0-63 0-07 | 99-9 0-941 1-276 1-002 2-673 | 1-795 0-838 0-052 o-110 
0-40 | 028 2-121 1-129 | 1391 9.585 | 0-195 | 0676 | 0-129 
0-18 0-42 | 1085 | 0-515 1-936 1-087 1-512 2-475 0-456 | 0-431 O113 : ‘ 
0-30 030 «(1050 0-698 1-770 1-055 1-657 2-32 0-621 0-270 0-109 
0-42 0-18 | 1021 | 0-839 1-625 1-029 1-829 2-22 0-746 0-146 0-108 
0-54 0-06 1002 | 0950 1-499 1-013 2-036 2-085 0-842 0-045 
2-521 1-216 (125) 2-84 0-203 | 0-641 0-156 
O15 0-35 | 1098 0-541 2-324 1-169 1-325 2-755 0-471 0-399 0-130 
0-25 0-25 | 1051 | 0-726 2-148 1-130 1-409 2-66 0-641 0-242 
0°35 O15 | 1018 0-855 1-97 1-093 1510) | 2-54 0-761 0-128 Ott 
0-45 0-05 99-6 0-957 1-829 1-064 1-626 2-425 0-850 0-039 Olt 
0-60 0-04 0-36 119-4 | 0-257 3-028 1-332 1-150 3-100 0-209 0-604 187 
0-12 0-28 111-5 0-568 2-847 1-285 1-193 3-060 0-484 0-368 148 
0-20 0-20 | 0-748 2-660 1-241 1-242 2-990 0-650 0-217 0-133 
0-28 0-12 102-3 0-869 2-479 1-199 1-297 2-905 772 106 0-122 
0°36 O04 | 99-4 0-963 2-312 1-161 1-359 2-810 0-856 | 0-034 0-110 
| 
0-70 0-03 0-27 | 1233 | 0-271 3-656 1-478 1-079 207 0-557 (236 
0-09 O21 114-6 0-590 | 3-506 1-437 1-103 3-350 0-484 0-335 
O15 0-15 | 108-3 0-769 3-358 1-395 1-127 0-659 0 196 145 
0-21 0-09 «(103-6 0-885 3:193 | 1354 1-154 3°31 0-774 0-100 0-126 
0-27 0-03 100-2 0-966 3-019 1-313 1-185 3-24 0-856 029 
0-80 0-02 0-18 129-8 0-287 4-420 1-653 1-033 3590 | 0-106 0-487 
0-06 0-14 | 1206 0-609 4-361 1-627 1-042 3-645 0-466 297 237 
0-10 O10 | 1135 | 0-787 4:270 1-598 1-053 3-685 0-641 O173 0-186 
O14 006 | 108-1 0-897 4-156 1-565 1-064 3-69 0-756 0-088 0-156 
O18 0-02 103°8 0-970 4-028 1-531 1-075 3-685 0-839 0-025 0-136 
0-90 0-09 «141-0 0-294 5-270 1-856 1-008 3-75 0-147 0-351 0-502 
0-03 0-07 133-1 0-620 5313 1-851 1-009 3-835 0-377 0230 0-393 
0-05 0-05 126-6 0-795 5-322 1-841 1-012 3-805 0-544 139 
0-07 0-03 120-9 0-901 5-318 1-828 3-96 0-664 O-072 264 
0-09 0-01 116-3 0-972 5-284 1-810 1-018 4-00 0-759 0-021 0-220 
1-0 0-00 0-00 | 161-7 | 0-000 6-054 2-055 1-000 3745 0-000 0-000 1-000 
* Expressed on solvent free basis. 
DISCUSSION 
As before, the ternary system is completely de- Study of the paraffin furfural binary tends to con- 


scribed algebraically by using constants derived firm the conclusions already reached in previous 
only from the constituent binary systems. Ternary studies, that the Fenske still is not suitable for 
constants are avoided by the introduction of a mixtures which exhibit @ large temperature difference 
temperature factor into all the correlating equations, between liquid and “ vapour condensate " boiling 
in the form of 7’ log y. points. 
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PART III]. BINARY AND TERNARY DATA FOR THE SYSTEM 
METHYLC YCLOHEXANE-n-HEPTANE-FURFURAL 


SUMMARY 


Isobaric equilibrium data at 760 mm pressure are presented for the ternary system methyleyclohexane— 
n-heptane-furfural, and for the one constituent binary system which has not been presented in early parts of this 
paper, All experimental work was conducted in the Fenske-type still soovienaly described, and the Li-Coull 
equations were employed for correlation of the experimental results. The ease of separation of the paraffin— 
naphthene binary is greatly increased by the presence of furfural in the liquid phase, although the improvement 
obtainable is by no means as effective as in the other cases studied, This is due to the fact that the hydrocarbon 
pair exhibits nearly ideal solution conditions when no solvent is present, and each hydrocarbon develops a very 
similar degree of non-ideality at any particular furfural concentration, 


INTRODUCTION with equilibrium temperatures, the experimental 
values of relative volatility, and experimental activity 
Tue experimental and theoretical principles of Part IIT coefficients for each component yy and yy (corrected 
are based entirely on those already outlined in Parts | for non-ideal vapour-phase conditions as outlined 
and II, Furfural concentrations of approximately 20, above). 
40, 60, and 80 mol per cent (liquid phase) were used 
for the ternary study, and four runs were made at 
each solvent leve!, with varying hydrocarbon ratios. 


UR 


ANALYSIS 


Methyleyclohexane-n-Heptane mixtures — were 
analysed by refractive index. Data from two 
sources ® 16 were used, and are shown in Fig 3. 

Unlike the 
previous two ternary systems, this system contained 
no toluene, and all mixtures encountered were two- 
phase at 20°C. Hence no difficulties were involved: 
in obtaining complete extraction of furfural, which was 
estimated by the chemical methods previously out- 
lined, 
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(1) Methyleyclohexane-n-Heptane. All determina- LIQUID 


tions were made in a Fenske-type still, employing a Fic 46 
simple condensate cup. SYSTEM HEPTANE-METHYLCYCLOHEXANE : EQUILIBRIUM 
DIAGRAM 
Taste © Experimental values 


Equilibrium Data; Activity 
Coefficients 


The solid curve is based on the assumption that the binary 
is an ideal system. 


Mol % 
Thun 
no, | | Temp, | YM 


ATURE 
° 
x 


26 675 ORE 1-068 1-001 1-006 
8-6 | 069 1-006 1-006 
21-05 20-4 98-65 | 1064 1-007 1-018 

| Bl 98-85 | O66 1-008 1013 
44-35 42: 9916 | 1069 | 1009) 
60-95 26 |} 90-35 070 | 1008 1-009 MOL PERCENT HEPTANE 

| 60-80 | O76 1-006 
f 96 | 1068 | 1007 1-009 Fic 47 
69-30 } |; 909 | 1072 | 1-007 1007 

| 445 | 100-7 | LOR? | 1008 COMPOSITION CURVE 


is 


Tewe 


© Experimental values (liquid) 
A Experimental values (vapour) 
; Experime ntal values of liquid and vapour oy The solid curves assume that the activity coefficients of 
librium compositions are listed in Table XIII, together — both compounds are unity throughout. 
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Figs 46, 47, and 48 show the equilibrium, temper- 
ature-composition, and relative volatility curves for 
this binary. The activity coefficients are exceedingly 
close to unity; they are certainly too close to allow 
the function (7' log y)®® to be used for correlation 
purposes. 

Assuming for the moment that the system is ideal, 


FURFURAL SYSTEMS 25 


agrees more closely with the experimental figures. 
Analytical difficulties arise with this system because of 
the small range of refractive index involved. 

(2) Cor- 
related equilibrium data are listed in Table XIV, 
using the constants of the two-constituent binary 
furfural-hydrocarbon correlations. For purposes of 


TasLe XIV 


Heptane—Methyleyclohexane-Furfural Predicted Data 


Liquid composition 


t,°C Yu * yu uM uve 
ry Tu 
O16 0-64 101-4 219 1-128 1-078 3-701 1-120 0-698 
0-32 0-48 100-8 0-429 1-121 1-069 3-779 1-124 O- 383 106 
0-48 0-32 100-2 0-629 1-114 1-060 3874 1-127 O-561 
0-64 0-16 99-6 0-820 1-107 1-052 3-979 1-127 O-731 0-162 0-107 
0-4 0-12 0-48 102:1 0225 1-492 1-374 2-052 1-163 0-198 6381 
O24 0-36 101-4 0-438 1-481 1-358 2-074 1-168 0-386 O405 
0-36 0-24 100-6 0-638 1-469 1-342 2-099 1-172 0-562 0-320 118 
0-48 0-12 99-9 0-824 1-456 1-326 2-127 1-178 729 0-155 0-116 
0-6 0-08 0-32 102-1 0-232 2-294 2-046 1-366 1-203 0-203 0-675 122 
O16 O24 101-2 0-446 2-278 2-024 1-371 1-207 0-393 0-488 
O-16 100-2 0-645 2-265 2-004 1-377 1-211 O-570 
0-32 0-08 99-3 0-830 2-250 1-084 1-383 1-215 0-737 
0-8 0-04 0-16 106-9 0-235 3-962 3-472 1-078 1-226 199 0-648 0-153 
0-08 O12 105-7 0-450 3-960 3-460 1-079 1-230 O469 0-146 
0-12 0-08 104-4 0-650 3-062 3-449 1-080 1-234 0-558 O-302 0-140 
0-04 103-4 0-832 3-958 3°457 1-O81 1-238 721 0-146 O-133 
1-0 0-00 0-00 161-7 0-000 6-054 5-359 1-000 1-236 0-000 0-000 1-000 
yu* mol per cent heptane, expressed on solvent-free basis. 


it is possible to calculate the total pressure of the 
system from the other experimental data. This falls 
from 760 mm for the pure components to 753 mm for a 
50-50 mixture, suggesting that the system is not quite 
ideal in its behaviour, but that the end-values of the 
activity coefficient curves lie in the region of 1-010, 
In Fig 48 the solid curve represents the relative 
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MOL PERCENT HCPTANE 
Fig 48 


SYSTEM : RELATIVE 
VOLATILITY OF HEPTANE TO METHYLC F¥ CLOHEXANE 
© Experimental values 


The solid line is calculated on the assumption that ideal 
conditions apply. The broken line is caleulated on the 
assumption that the end values of the activity coefficient 
curves are 1-010 for each component. 


volatility based on ideal liquid behaviour, whilst the 
dotted curve is based on an end-y-value of 1-010 for 
each component. It may be seen that the latter curve 


correlation the hydrocarbon binary has been assumed 


k , 
ideal, as the constants ~'* and ng in the ternary 
2 


equations for this system are too small to warrant 


: hb 
inclusion. The function i was calculated as the 
IM 
mean of the functions ."—" and ~~" derived from 
by by by by 


other binary studies in this series. The full corre- 
lating equations for this system are : 


T log yx (xq + 1-007ry + 1-080ay)* (54) 
} 349-82,” 45 62 y 2p ar 

T log yx (ry + 0-9932y + 1-050z,)? (55) 
315-32,? 4+- 303-62y? + 612-4 

log ve ) Ly ty (56) 


(ry O-9262 O-D522y)* 


The initial terms 1-9 zy? and 1-7 2,7 in equations (54) 
and (55) respectively are so small that they can be 
neglected, 
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GARNER AND HALL: VAPOUR-LIQUID EQUILIBRIA 


TEMPERATURE 


100 
MOL PERCENT HEPTANE IN HYDROCARBON 


Fia 49 


SYSTEM HEPTANE-METHYL( YCLOHEXANE-FURFURAL 
TEMPERATURE-COMPOSITION CURVES Fia 52 
SYSTEM HEPTANE-MIUTHYL( ¥CLOHEXANE-FURFURAL: ACTIVITY 
COEFFICIENT OF METHYL FCLOHEXANE~-FURFURAL 


ACTIVITY COEFFICIENT OF METHYLCYC 


PERCENT HEPTANE IN HYDROCARBON 


VOLATILITY 
FUR FURAL 


ner rane 


RELATIVE 


PERCENT HEPTANE IN HYOROCARBON 


Fia 50 
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SYSTEM HEPTANE-METHYL(C YCLOHEXANE-FURFURAL: RELA- 
TIVE VOLATILITY OF HEPTANE TO METHYLCYCLOHEXANE 
IN THE PRESENCE OF FURFURAL 


od 
MOL PERCENT FURFURAL 


Fia 53 


SYSTEM HEPTANE-METHYL(C ¥ CLOHEXANE-FURFURAL : 
ACTIVITY COEFFICIENT OF FURFURAL 


IN VAPOUR 
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MOL PERCENT WEPTANE 


ACTIVITY COEFFICIENT OF HEPTANE 


ad 2 MOL PERCENT HEPTANE IN LIQUID 
MOL PERCENT HEPTANE HYDROCARBON 
Fie 51 Fie 54 
SYSTEM HEPTANE-METHYLC CLOHEXANE-—FURFURAL : EFFECT 
SYSTEM HEPTANE-METHYL(C CLOHEXANE-FURFURAL : OF FURFURAL ON THE VAPOUR-LIQUID EQUILIBRIUM 
ACTIVITY COEFFICIENT OF HEPTANE CURVE OF THE HYDROCARBON BINARY 
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DISCUSSION 


The correlating equations above have been used for 
the preparation of Table XIV, from which Figs 49 to 
54 were prepared. These describe the behaviour of 
this system, on a basis similar to that used for the 
ternary systems of Parts I and IT. 


As in the previous systems, the improvement in 
relative volatility of the key components increases 
up to a maximum at about 80 mol per cent 
furfural. In this system the improvement is from 
1-07 to 1-22, as compared with maximum relative 
volatilities of approximately 3 obtained in the other 
systems. 


PART IV. GENERAL CONCLUSIONS 


The authors have gained considerable confidence in 
the Li-Coull method of correlation from the fact that 
three ternary systems have been correlated from data 
based entirely on the six constituent binary systems, 
each ternary system possessing two constituent 
binary systems which appear in one of the other 
ternary systems. As the same constants are common 
to more than one ternary system, and good agree- 
ment exists between experimental and _ predicted 
results in all three systems, it is considered that this 
unusually severe test imposed on the Li-Coull correla- 
tion method proves it to be a sound practical means of 
correlation. 


LIMITATIONS OF THE LI-COULL METHOD 


As increasing departure from ideality was en- 
countered, the Li-Coull equations began to demon- 
strate a limitation of accuracy. Whereas most of the 
binary systems encountered showed a very close agree- 
ment between experimental and calculated bubble- 
point composition curves, the calculated bubble- 
point curve for the least ideal system, heptane— 
furfural, showed somewhat poorer agreement. It is 
probable that these equations are too simple to account 
for all phenomena-—it is likely that some molecular 
aggregation occurs in this system, as it is known that 
two phases would appear at a temperature 5° C 


lower than the boiling point of a 50-50 mixture of 


heptane and furfural. 

Furthermore, the constancy of the (7' log y) fune- 
tion may not extend for the full temperature range of 
60° C exhibited by this binary. 


TREATMENT OF EXPERIMENTAL 


Ternary analysis is often a difficult and lengthy 
process, and any correlation method, which avoids the 
necessity of determining specific ternary constants 
whilst retaining sufficient accuracy, is of great practical 
value. It should be emphasized, however, that, in 
order to obtain good correlations by this method, it is 
essential, particularly with the hydrocarbon systems, 
to correct the activity coefficient values for non-ideal 
vapour phase behaviour, as the slopes of the Li-Coull 
curves are particularly susceptible to the effect of the 
z-correction factors. In the case of the furfural 


RESULTS 


hydrocarbon systems, where the ratio y/z is much 
greater, the importance of correcting the co-efficients 
is considerably less. 

General Observations. In all the systems investi- 
gated it can be seen that the improvement in the 
relative volatility of the key components is always 
effected by the addition of solvent, particularly in 
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MOL PERCENT FURFURAL 
Fie 55 


NUMBER OF EXTRACTIVE DISTILLATION ZONE THEORETICAL 
PLATES REQUIRED FOR THE CONTINUOUS SEPARATION 
or 99 PER CENT PURITY PRODUCTS (AT TOTAL REFLI xX). 

AS A FUNCTION OF FURFURAL CONCENTRATION 
Curve | 
Curve 2 
Curve 3 


Methyleyclohexane—toluene 
Heptane-—toluene 
Heptane—methyleyclohexane 


those regions where an improvement is to be most 
desired, 

As this project is connected with the practical 
separation of these hydrocarbons from a narrow 
boiling naphtha cut, the number of theoretical plates 
(at total reflux) required to separate each hydro- 
carbon binary pair to 99 per cent purity has been 
calculated using the Fenske-Underwood equation." 
The results are plotted in Fig 55, and show that 
although the theoretical maximum reduction in 


plate requirement is obtained at 80 to 90 per cent 
furfural, an optimum furfural concentration would 
exist at about 60 to 70 per cent, in that a considerable 
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reduction in column diameter would be effected for 
the same hydrocarbon throughput. In each case the 
reduction in tower height is approximately 70 per 
cent of that required with no solvent present, assuming 
that plate efficiency remains constant. 

It is further concluded that the separation of 
aromatic hydrocarbons from a hydrocarbon mixture is 
much easier than the separation of other hydrocarbon 
series. This has recently been confirmed by Berti and 
Leidi,* who extractively distilled a narrow naphtha 
cut, obtaining pure toluene and methyleyclohexane. 

This research project has been developed simul- 
taneously with other extractive distillation projects 
at Birmingham University, including investigations 
into the operation of a 2-inch diameter 22-ft extractive 
distillation tower, containing approximately twenty- 
five to thirty theoretical plates, equipped with vapour 
and liquid sampling points spaced at intervals of 2 ft. 
It is planned to investigate initially the separation of 
C, hydrocarbon pairs on this column using furfural as 
solvent, and the project may at a later date incorporate 
the separation of pure hydrocarbons from a narrow 
boiling cut, 

Other developments may include the investigation 
of the corresponding four-component system of fur- 
fural and the three hydrocarbons involved in this 
study, the extension to C,-olefin hydrocarbons, and 
possibly the effect of addition of water to furfural on its 
solvent properties. 
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AN APPRAISAL OF THE HIGH PRESSURE OXIDATION METHOD 
FOR TESTING TRANSFORMER OIL * 


By J. M. WARD (Associate Fellow) + 


SUMMARY 


Tests on a variety of transformer oils by a slightly modified form of the high pressure oxidation method (ASTM 


D670-42T, Method B) are described. 


oils, and a series of experimental oils specially prepared for investigating accelerated oxidation tests, 
deviation of results obtained with a conventional transformer oil is given. 


The oils tested include new and reconditioned oils, Continental oils, inhibited 


The standard 
It is found that the method is simple 


in manipulation, requires very little attention during the oxidation period, and is particularly suitable for inter- 


mittent testing. 


can be made to do so by using soluble catalysts, either copper or iron, 


Under standard conditions, the test does not distinguish between straight and inhibited oils but 


The small quantities of sludge and aci« 
liq tit f sludg | 


produced by the standard procedure from conventional oils may be increased by using either solid or soluble 


catalysts. 


INTRODUCTION 


Tue high pressure oxidation method, or bomb method, 
for testing the oxidation stability of transformer oil is 
comparatively new. It was developed by Clark ! in the 
U.S.A. and issued as a “ Tentative Method of Test for 
Sludge Formation in Mineral Transformer Oil ”’ 
(designation D670-42T, Method B) by the ASTM in 
1942. It is believed not to have been used before in 
the U.K. 

An investigation of the method was undertaken, 
first, because good reports of it had been received from 
the U.S.A., secondly, because it appeared to be especi- 
ally suitable for the investigations and intermittent 
testing required in the Research Laboratories of the 
British Electricity Authority, and thirdly, because 
E.R.A. Sub-Committee E/A (Insulating Oils—Chemi- 
cal and Physical Tests), was interested, in connexion 
with an international investigation organized by the 
International Electrotechnical Commission (I.E.C.). 

This paper describes tests which have been made, 
using the bomb, which allow of a tentative appraisal 
of the method. The repeatability of results obtained 
with an oil complying with BS 148 ; 1951, using each 
of two bombs, has been determined, A 
British oils complying with BS 148 : 1951, including a 
number of reconditioned oils, has been tested, as well 
as a selection of Continental oils. A series of experi- 
mental oils prepared by the Thornton Research Centre 
of the Shell Petroleum Co. for investigating accelerated 
oxidation tests has been studied. A few experiments 
have been made with solid and soluble catalysts, and 
the effect of increasing the length of the test has been 
briefly investigated. 


DESCRIPTION OF BOMB AND ANCILLARY 
APPARATUS 


Two pressure bombs, one of which is shown in Fig 1, 
were made by different manufacturers in accordance 
with the ASTM specification,? which defines the 


* MS received 26 June 1954. 


series of 


dimensions of the bomb and requires it to be made 
of stainless steel and capable of withstanding, with 
safety, an internal pressure of 10,000 p.s.i. This high 
factor of safety is presumably intended to accom. 
modate oils which may oxidize very rapidly under the 
conditions of the test. The approximate external 


HIGH PRESSURE OXIDATION BOMB AND OIL CONTAINER 


dimensions of the bomb with cap in position are : 
diameter 4 inches, height 9} inches, 

The body of one bomb was made from a stabilized 
austenitic steel (C 0-1 per cent, Mn 0-8 per cent, Cr 
18 per cent, Ni 8-5 per cent, Ti 0-6 per cent) and the 
cover from a ferritic steel (C 0-16 per cent, Mn 0-5 per 
cent, Cr 16-5 per cent, Ni 2-5 per cent). The body of 
the second bomb was made from an austenitic steel 


+ British Electricity Authority Research Laboratories. 
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of the same composition as the first but not stabilized 
with titanium, and the cover from a ferritic steel (C 
0-06 per cent, Mn 0-8 per cent, Cr 17 per cent). 

The oil container was made from heat-resisting 
glass tubing to conform to the dimensions specified by 
the ASTM (6 inches long, 1} inches internal diameter, 
capacity 100 ml), The rack for holding the container 
upright in the bomb was made from aluminium wire. 
The container and holder are shown in Fig 1. The 


aluminium shield, for wrapping around the oil con- 
tainer during the oxidation period to ensure clean- 
liness, was not considered necessary, since all lines, 
valves, ete., were kept perfectly clean. 

The thermostatted oil bath required to heat the 
bomb during the exidation period is shown in Fig 2. 


2 


OIL, BATH 


It was electrically heated, had a cylindrical oil con- 
tainer, diameter 164 inches, depth 10} inches, and was 
agitated by a paddle offset from the centre to allow 
room for the bomb, The temperature required for the 
test, 140° 4+ 0-5° C, was adequately maintained, and 
the temperature across the bath was constant to 
within 0-1° C, The electrical loading was sufficient to 
return the bath to the test temperature within 20 
minutes of immersing the cold bomb. By switching 
in an auxiliary heater, it could be returned to test 
temperature within 10 minutes. 


DESCRIPTION OF METHOD 


Briefly, 50 ml of oil are weighed into the glass con- 
tainer, This is placed in the clean bomb, which is 
filled with pure oxygen to 180 p.s.i. at 25°C. The 
bomb is immersed in the oil bath and heated to 140° C 


AN APPRAISAL OF THE HIGH PRESSURE 


for 24 hours; at 140° C the pressure inside the bomb 
rises to 250 p.s.i. The oil container is then removed 
from the bomb, the sludge precipitated by adding 
n-heptane, filtered on to a sintered glass crucible, and 
weighed. The sludge is expressed as a percentage of 
the weight of the oil. The acidity of the filtrate was 
always determined in the work described here, 
although it is not called for in the ASTM standard 
method, The ASTM method was not followed 
exactly, and the departures from it and the reasons 
for making them are given below in the detailed 
description of the method. 


Preparation of Sample 

Wherever possible, the sample was prepared in 
accordance with the ASTM specification, which re- 
quires the oil to be filtered by gravity using a dried, 
acid-free filter paper to remove sediment, fibres, and 
excess water. 

The oil container was cleaned with sulphuric— 
chromic acid cleaning mixture, washed copiously with 
hot water, rinsed with distilled water, and dried in an 
air oven at 105° to 110° C for an hour or more. It was 
cooled and stored in a desiccator until required. 
Before filling with oil it was weighed to the nearest 
milligram, 50 ml of the oil, filtered when necessary, 
were transferred to the container using a pipette fitted 
with a silica gel tube to prevent moisture from the 
breath contaminating the sample. The tube and oil 
were then weighed to the nearest milligram. The 
specification requires the weighing to be made to the 
nearest 0-1 mg, but this seems unnecessary, since the 
weight of sludge obtained is such that the determina- 
tion is likely to be made with a maximum accuracy of 
1 part per 1000, 


Preparation of Bomb and Oxidation Procedure 


The ASTM procedure of rinsing the bomb with 
petroleum naphtha, and after draining in air, drying 
in an air oven at 105° to 110° C for 3 hours was not 
followed, It was considered adequate, and desirable 
for time-saving, to rinse the bomb, including the valve, 
twice with acetone and twice with n-heptane and then 
to dry by passing warm, dry, filtered air into it for 20 
minutes, 

The container and rack were then placed in the 
bomb and the antimonial lead washer and steel thrust 
plate shown in the foreground of Fig | placed in posi- 
tion and the top screwed down and finally tightened by 
the six Allen screws. 

The bomb was then twice flushed with oxygen by 
filling it to 5 atm (gauge) and releasing the pressure. 
It was then slowly filled to give the equivalent of 12} 
atm (gauge) (180 p.s.i.) at 25°C. Since Clark ! 
showed that small differences in pressure had no 
appreciable effect on the extent of oxidation, the 
laboratory temperature was assumed to be at 20° C 
constantly and the equivalent pressure to be 12 atm 
(gauge). 

The bomb was then placed in the oil bath and heated 
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OXIDATION METHOD FOR TESTING TRANSFORMER OIL 


for 24 hours. It was then removed, and the volume 
of oxygen measured immediately, at room tempera- 
ture and pressure, by displacing water in an inverted 
10-litre bottle. This was done to check on possible 
leakage during the oxidation period. After measuring 
the oxygen volume, the valve was closed and the 
bomb placed in cold water to cool it before opening. 
The oil container was then removed and set aside in 
the dark for the sludge and acidity measurement. 


Measurement of Sludge and Acidity 


The sludge precipitation and measurement pro- 
cedure was different from that prescribed by the 
ASTM. Since in other tests for the I.E.C. a standard 
procedure had been agreed to, based on the results of 
an investigation into methods of precipitation of 
sludge after oxidation, it was decided to use this pro- 
cedure in all experiments with the bomb. The oil 
after oxidation was allowed to stand in the dark for a 
period varying between one and 24 hours before dilut- 
ing with ten times its volume of n-heptane. Initially, 
the period of standing before dilution was to be 24 
hours, but it was found that variation between one and 
24 hours was without effect on the results. After 
dilution the heptane—oil mixture was maintained at 
25° C for one hour in a thermostatically controlled 
water bath. The sludge was filtered, using a No. 4 
sintered glass crucible previously cleaned with hot 
chloroform, followed by n-heptane, and dried at 105° 
to 110° C for one hour. It was washed with a total of 
150 ml of n-heptane, placed in an air oven for one hour 
at 105° to 110° C, cooled in a desiccator, and weighed. 
The filtered heptane—oil mixture was washed into a 
litre measure and the volume noted. Aliquots were 
then used for determining acidity. 

Initially, several methods of acidity determination 
were investigated : 

(1) Direct Method. 50 ml industrial methyl- 
ated spirits (74 o.p.) were added to 100 ml of the 
heptane-—oil mixture and titrated against 0-1N 
aqueous KOH using alkali blue as indicator. 

(2) Direct Distillation Method, 100 ml of mix- 
ture were reduced to 50 ml by distillation of hep- 
tane, 25 ml industrial methylated spirits (74 0.p.) 
added and titrated as in (1). 

(3) Vacuum Distillation Method. 100 or 200 
ml! of mixture distilled under vacuum (2 em mer- 
cury) to remove all heptane. The acidity was 
then determined according to BS 148, Appendix 
H, Method A. 


No appreciable difference was found between results 
obtained by the three methods within the range of 


acidities given by the conventional oils. The distilla- 
tion methods gave low results with the more unstable 
of the experimental oils due to carry-over or distilla- 
tion of acids. For the major part of the work the 
acidity was titrated directly. If it were required to 
increase the accuracy of the acidity determination the 
distillation method would be useful, since a larger 
initial sample can be taken. 


USTIMATION OF REPEATABILITY OF 
RESULTS 


The standard deviation of results obtained by one 
operator using one apparatus will not necessarily give 
a figure for repeatability which would apply to any 
operator and any apparatus.* It serves, however, as 
a useful indication of repeatability, and accordingly 
ten determinations on an oil complying with BS 
148 : 1951 were made by one operator using each of 
the two bombs. 

Initially, discrepancies between results by the two 
bombs were found. The standard deviations obtained 
for sludge were 0-005 and 0-007 per cent; the mean 
values for sludge were 0-049 and 0-056 per cent. The 
corresponding values for acidity were 0-02 and 0-04 
mg KOH/g; mean values 0-27 and 0-36 mg KOH /g. 

The experiment was therefore reveated, interchang- 
ing the positions of the bombs in the bath for each 
pair of determinations in case there was a small differ- 
ence in average temperature between the two posi- 
tions: in the previous experiment the bombs were 
always put in the same places. In addition, only one 
sintered glass crucible for sludge filtration was used 
in conjunction with each bomb. For the previous set 
of determinations three had been used in conjunction 
with each bomb, and although these had been care- 
fully chosen, there was a possibility that variation in 
porosity was affecting the sludge results. The oil 
used for the tests was the same as that used for the 
previous tests, but came from a different drum, 
Results are given in Table I. 


Taste I 
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It can be seen that there is good agreement between 
the two sets of figures and that the standard deviations 
of sludge results have been reduced. Statistical 
examination does not indicate that there is a difference 
between the two positions in the bath, however. 
Nevertheless, the suspicion remains that small differ- 
ences in temperature were having an effect in the 
previous experiments. 

Summarizing, it appears that a standard deviation 
of 0-005 per cent sludge, corresponding to a coefficient - 
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of variation of 10 per cent, is attainable. The corre- 
sponding figure for acidity is 0-03 mg KOH/g (coeffi- 
cient of variation 9 per cent), At the 5 per cent 
probability level these figures represent a repeatability 
of 0-014 per cent for sludge results and 0-08 mg KOH /g 
for acidity results (28 and 25 per cent expressed as 
percentages of the mean values), That is to say, the 
difference between any pair of results chosen at ran- 
dom will exceed these values in only 5 per cent of 
cases,4 

With special care, i.e, using the same crucible 
throughout, the standard deviation of sludge results 
may be reduced to 0-003 per cent (coefficient of varia- 
tion 7 per cent). At the 5 per cent probability level 
this represents a repeatability of 0-008 per cent (18 per 
cent expressed as a percentage of the mean value), 


TESTS ON VARIOUS TYPES OF OILS BY 
THE STANDARD PROCEDURE 


Tests on British Oils complying with BS 148 : 1951 


Table Il gives typical results obtained on oils 
complying with BS 148: 1951. Some of these were 
new oils, and others were used oils which had been 
re-refined by oil suppliers. Results obtained in other 
laboratories on some of the oils by the BS 148 : 1951 
oxidation test are given for comparison, 


Taste If 
New and Reconditioned Oils Complying with BS 148; 1951 


BS 148: 1951 
oxidation test 


Pressure 

| oxidation test 

| 

Description of sample | 

| Acidity, Sludge, | Acidity, 
mg | mg 

7 KOH /g | ° | KOH/g 


Sludge, 
0 


New Oil; 
Ex Supplier A 
Ex Supplier B 
Ex Supplier C 
Sample | 
Sample 2. 
Reconditioned Oil ; 
A 


0-023 


O15 . 
O18 0-86 
0-021 
0-053 


78 
O95 


0-12 
O31 


0-82 
0-98 
OBS 


; ; 0-060 
0-038 
. | 0041 


0:30 
42 
0-40 
0:20 


Each figure is the mean of two determinations, 


It can be seen that oils complying with the British 
specification gave sludge results by the pressure oxida- 
tion test between about 0-015 and 0-060 per cent and 
acidity results between 0-12 and 0-42 mg KOH/g. In 
general, the new oils gave lower results than the 
reconditioned oils, although the results by the BS 148 
test were similar. 

The test appears to be more sensitive to small 
differences between oils than the British test. Sample 
1 was from a stock of BS 148 oil set aside by Supplier 
C for experimental purposes, It was tested in March 
1952. Sample 2 from a second drum of the same 
stock was tested in September 1953. The difference 
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between the results by the pressure oxidation method, 
which in each case were the average of several deter- 
minations, was much greater than the difference be- 
tween the results by the British test. It is assumed 
that the difference in both sets of results was due to 
slight changes in the oil during storage. 


Tests on a Series of Continental Oils 


A series of insulating oils representative of the oils 
in use in various Continental countries was tested in 
connexion with an investigation organized by the 
International Electro-Technical Commission todevelop 
an internationally acceptable accelerated oxidation 
test. The results were found to lie within the ranges : 
sludge 0-013 to 0-048 per cent, acidity 0-07 to 0-02 mg 
KOH /g. 

Oxidation tests by the BS 148 procedure were car- 
ried out on these oils by other participants in the pro- 
gramme, and results for three oils were found to lie 
just outside the specification limits for either sludge 
or acidity. The two highest results obtained by the 
pressure oxidation method were on two of the oils 
which lay outside the limits, but results of 0-021 per 
cent sludge and 0:12 mg KOH /g acidity were obtained 
on the third, 


Tests on a Series of Experimental Oils 


A series of experimental oils, prepared from the 
same feed stock, to cover a wide range of physical and 
chemical properties was tested. These oils were pre- 
pared by the Thornton Research Centre of the Shell 
Petroleum Co. for use in assessing the value of acceler- 
ated oxidation tests. A short description of the oils is 
as follows : 


Experimental Insulating Oil No. 1. Solvent 
refined feed stock from which transformer oils are 
normally produced by further oleum and earth 
treatment. 

Experimental Insulating Oil No. 2. An experi- 
mental oil produced by a combination of solvent 
extraction and acid treatment, the degree of 
refinement being somewhat less than in the case 
of E.1.0. 3 and E.1,0. 4. 

Experimental Insulating Oils Nos. 3 and 4. 
Normal types of transformer oil differing in the 
relative amounts of solvent extraction and oleum 
treatment, No. 3 being more heavily solvent 
extracted than No, 4. 

Experimental Insulating Oil No. 5. A normal 
type of transformer oil of higher aromatic content 
than Nos. 3 and 4. 

Experimental Insulating Oil No.6. A technical 
white oil produced by heavy oleum treatment of 
a solvent refined feed stock. 


The results for sludge and acidity are given in 
Table ILI. 

Results by the BS 148: 1951 oxidation test are 
given for comparison; the aromatic contents are 
included as a rough guide to the degree of refining. 


| | 
| 
| O97 
1:43 
| 1-57 
‘ 
| 1-28 
121 
| 2-50 
: | 1-60 
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The wide range of degree of refinement of the E.1.0. 
oils was reflected in the results for both sludge and 
acidity. It has been seen that the values for sludge 
on the previous conventional samples ranged between 
0-015 and 0-060 per cent, and the acidities between 
0-07 and 0-42 mg KOH/g. E.1.O. samples 1 and 2 
gave values within these ranges. However, the results 
by the BS 148 test on these oils show that they would 
not in fact be acceptable in the U.K. From the 


Taste IIl 


Experimental Insulating Oils 


BS 148: 1951 
oxidation test 


Pressure 
oxidation test 
| Aromatic 
content,* 
Acidity, 
mg 
KOH /g 


Sludge, 


0-038 0-26 
0-029 O19 
6-8 19-6 
0-102 
O-OLO O07 
77 19-4 


Each figure is the average of at least two determinations 
excepting E.1.0. 3 and E.1.0. 6. 
* Determined according to Beaven, Foster, and Thompson. 


description of E.1.0. 1 it would be expected that this 
oil was under-refined’’ by normally 
British standards. E.1.0. 5 gave a sludge result 
lower than, and an acidity result equal to, the best of 
the previous samples. E.1.0. 4 gave a result several 
times greater, while the results for E.1.0. 3 and E.1.0. 
6 were two orders of magnitude above the range found 
for the conventional samples. 

The appearance of these latter two oils after oxida- 
tion was quite different from all the previous samples 
examined. Whereas it is usual to find the oils slightly 
cloudy with suspended sludge, deepened in colour, and 
having the characteristic odour of a used @il, samples 
3 and 6 were very dark, contained a fluid tarry sludge 
at the bottom, adhered as drops to the sides of the 
tube, and had a very pungent “ acrylic” odour. The 
lead washer was coated with a thick layer of sludgy 
material, presumably a mixture of lead soaps. The 
lead showed clear signs of having been corroded after 
these were removed, The aluminium tube holder was 
badly pitted at the base, and similarly coated with a 
dark gummy material which was thought to be mainly 
aluminium soaps with some condensed acids which 
had run down the sides of the bomb. The bomb itself 
was stained inside but not pitted. The oxygen 
recovered from the bomb after oxidation measured 
only 3000 ml in one case and 3300 ml in the other. 
The volume recovered after E.1.0, 1, 2, and 5 samples 
had been oxidized was approximately the same as was 
put in originally, ¢.¢. about 6500 ml. With E.1.0. 4 
the recovery was a little lower, the volume being 6200 
ml. The increase in weight of the oil sample due to 

D 


accepted 


oxygen absorption is usually only a few milligrams. 
E.1.0. 3 increased in weight by 1-29 g and E.1.0. 6 by 
0-73 g. 

Besides the above experimental oils, several samples 
with * over-refined ’’ characteristics have been tested. 
Results enumerated above show that, given adequate 
refining facilities, used transformer oil can be recon- 
ditioned to comply with BS 148; 1951. Somere 
conditioning processes, however, produce an unstable 
oil with a poor resistance to oxidation. Results by 
the pressure oxidation method for several such oils 
lay between the limits, sludge 1-8 to 2-5 per cent, 
acidity 6 to 10 mg KOH/g. BS 148 tests on these 
oils gave results of the order, sludge 0-7 per cent, 
acidity 4.5 mg KOH /g. 


Tests on Inhibited Oils 

Tests were made on two oils, complying with BS 148, 
inhibited with the three oxidation inhibitors in com- 
mon use, 


(a) 2,4-dimethyl-6-tert-butyl-phenol 

(b) Phenyl-6-naphthylamine (PBN), 

(c) 4-methyl-2,6-di-tert-butyl-phenol 
or DBPC). 


(24M6B), 


(4M26B 


The inhibited oils were also tested by an accelerated 
oxygen absorption test, developed by Childs and the 
author, similar in principle to that described by 
Beaven, Irving, and Thompson.* In this test 5 g of 
oil +-100 p.p.m, oil-soluble copper as copper naphthen- 
ate are heated at 120° C in an atmosphere of oxygen. 
As soon as the induction period is over and the oil 
begins to oxidize, the change in pressure brought about 
by oxygen absorption breaks a circuit controlling a 
clock mechanism which records the induction period 
in hours. Results are givenin Table IV. Figures for 


Taste LV 


Inhibited Oila 


Induction 
period, 
hr 


Acidity, 


Sludge, 


Description of oil 


O-OL8 
0-030 
029 
0-024 
0-023 
0-034 
0-046 
029 
(O28 
OOLS 


Oil A (BS 148 : 1951) 
0-3% 24M6B 
03% 4M26B (DBPC 
PBN 

Oil B (BS 148: 1951) 
0-25%, 24M6B 
PBN 

Inhibited oil ex supplier A . 

Base oil ex supplier A 

Inhibited oil ex supplier B . 

Base oil ex supplier B 


Each figure is the mean of two determinations. 


two commercially available inhibited oils are in addi- 
tion compared with the corresponding base oils 
(BS 148 : 1951). 

It can be seen that the test, when the standard 
conditions are employed, shows little promise of being 
suitable for assessing inhibited oils, if it is accepted 
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: 
Oil 
E.1.0. 1. | 1-27 181 | 193 
E.1.0. 2. 1-36 1-73 27-0 
E.1.0. 3. 0-63 453 | 56 
B.1.0. 4. 1-18 2-94 0-8 
K.1.0. 5. 0-93 1-50 17-9 
K.1.0. 6. 0-66 4-07 59 
KOH /g | 
O18 | = 
sO 
21 23-0 
9-8 
O18 O6 
0-22 2-6 
O19 29 
11-0 
O15 
O15 | 0-5 
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that the results given for induction period by the 
accelerated test can be taken as some measure of the 
relative performance to be expected from the oils in 
service. The sludge results for the inhibited oils are 
equal to, or higher than, those for the corresponding base 
oils, and there is little correlation between the results 
for sludge and induction period, The acidity results 
for the inhibited oils are lower, however, than for the 
corresponding base oils, excepting those oils with the 
shortest induction periods, It seems, therefore, that 
the acidity of the oil after oxidation might be related 
to the efficacy of an inhibited oil, but the difference 
between results for inhibited and uninhibited oils is 
not large enough to allow much confidence to be placed 
in them. 

It is suspected that the increase in the sludge results 
for inhibited oils is due to the oxidation products of 
the inhibitor being thrown out of solution under the 
conditions of the test. The effect on inhibited oils of 
increasing the time of the test and of using soluble 
catalysts is discussed in the following section. 


EXPERIMENTS UNDER MODIFIED 
CONDITIONS 

The values for sludge and acidity obtained on con- 
ventional oils are low and represent a stage in oil 
deterioration corresponding to a fraction of the ex- 
pected service life of the oils. A greater degree of 
deterioration could be attained by increasing the 
length of the test, or by using catalysts. Both 
methods have been briefly investigated, 


Effect of Increasing Time 

Fig 3 illustrates the effect of increasing the time of 
the test on sludge and acidity produced by an oil com- 
plying with BS 148: 1951 (oil A) and experimental 
insulating oil 1. It can be seen that to obtain results 
approximating to those at which an oil is judged to 
have reached the end of its service life, a test period of 
at least 72 hours would be necessary. However, for 
the two oils in question it can be seen that the results 
at 24 hours are in the same proportion as those at 72 
hours, 80 that there would appear to be little virtue in 
increasing the length of the test in these instances. 


Taste V 
48-hour Test on Inhibited Oil 


| Acidity, | Induction 


Description of oil Sludge, mg | period, 
KOH /g | hr 
BS 148; 1951 oil ; .| 0098 | 0-35 05 
0-126 | O41 15-0 


03% 4M26B 


It can also be seen that the results for acidity appear 
to be more erratic than those for sludge, 

It appeared possible that a differentiation could be 
made between inhibited and non-inhibited oils by 
increasing the time of test. Results of a 48-hour test 
are given in Table V for a BS 148 oil before and after 
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adding 0-3 per cent of 4-methyl-2,6-di-tert-butyl- 
phenol (4M26B or DBPC). It can be seen that no 
distinction can be made between inhibited and non- 
inhibited oils by this means. 
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Effect of Catalysts 

The effect of catalysts was briefly investigated 
using a BS 148:1951 oil and E.1.0. 1. The oils 
were tested under the standard conditions, apart 
from the addition of the catalysts. Solid copper 
and shim steel were used in the form of rectangular 
sheets 2 x 1} inches, corresponding to a catalyst—oil 
ratio of 0-65 em*/ml. The copper sheet was A.R. 


quality, 0-005 inch thick. The steel was 0-015 inch 
thick. The sheets were prepared and rolled into the 
form of cylinders as required for the copper catalyst 
in the oxidation test described in BS 148 : 1951. 


Oil- 


td 
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soluble catalysts in the form of copper and_ iron 
naphthenates, supplied by the Thornton Research 
Centre of the Shell Petroleum Co., containing 6-80 per 
cent copper and 5-82 per cent iron, respectively, were 
used. A concentration of 5 p.p.m. metal was used in 
the tests. Results are given in Table VI. 


Taste VI 


Effect of Solid and Soluble Catalysts 


Catalyst 
) 
Oil Quantity 
measured 
Solid Solid p.p.m. 5 p.p.m. 
copper iron copper iron 


A 148: 1951) 0-056 O-O48 


Sludge, °, O21 | 


Acidity, 0-26 O21 0-29 O22 
mg KOU 


1 Sludge, | 0-26 0-053 | 0-060 | 
| Acidity, O34 0-90 O36 0-38 37 
mg KOH /g 


Each figure is the mean of two determinations, 


The results show that, as might be expected, both 
solid and soluble catalysts could be used to accelerate 
the oxidation. Copper metal has a pronounced effect 
on the oxidation of both oils, and it is significant that 
the * under-refined ”’ oil is affected to an appreciably 
greater extent than the BS 148 oil. Iron metal has a 
slight effect on Oil A but practically none on E.1.0. 1. 


lo p-pam. copper 


Oil 


Sludge, Acidity, Sludge, 

0 mg 

KOH 
A (BS 148: 1951) 0-055 0-38 0-082 
0-3%, 4M26B 0-024 0-30 0-029 


The soluble-copper and iron catalysts have about the 
same effect on both oils. 5 p.p.m. soluble copper has 
about the same effect on oil A as the solid copper. 
E.1.0. 1, however, is much more sensitive to the copper 
metal. 

The effect of copper and iron naphthenates as 
catalysts on the oxidation of inhibited oils is illustrated 
by the figures in Table VII. Results are given for a 
BS 148 oil alone and inhibited with 0-3 per cent 
4-methyl-2,6-di-tert-butyl-phenol in the presence of 
10 p.p.m. copper, 10 p.p.m. iron, and a mixture of 5 
p.p.m. copper and 5 p.p.m. iron. Results for a 48- 
hour test with no catalyst are included for comparison. 

There is a marked difference in the results for sludge 
between the straight and inhibited oil, but not in the 
p2 


TABLE 


Kiffect of Soluble Catalysts on Inhibited Oil 


Catalyst 


10 p.p.m. iron 


Kach figure is the mean 
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acidity values, when copper, and a mixture of copper 
and iron, are used as catalysts. When iron alone is 
used, there is a marked difference in results for both 
sludge and acidity. The agreement bet ween duplicate 
results was good in all instances. It is evident that 
the use of soluble catalysts allows a distinction to be 
made between inhibited and non-inhibited oils and 
that it might be possible to develop the test to evaluate 
inhibited oils. However, since increasing the length 


of the test to 48 hours has produced a greater degree of 


deterioration than have the catalysts and yet has not 
distinguished between the inhibited and the straight 
oil, it is not clear what part the catalysts are playing. 


CONCLUSIONS 


The high pressure oxidation method is simple in 
manipulation. The apparatus requires no attention 
during the oxidation period provided that the heating 
bath is reliable. The time required for preparation 
and sludge and acidity determinations is no greater 
than for other accelerated tests, that according to BS 
148: 1951 for example. It has the advantage over 
most other tests that the oxidation time is only 24 
hours, 

For intermittent testing it is particularly suitable, 
in that the apparatus can be easily stored and can be 


Vil 


48 hours (no 
catalyst) 


5 p.p.m. copper 
5 p.p.m. iron 


Acidity, Sludge Acidity, Sludge Acidity, 
meg meg oe mg 
KOH KOH ¢ KOH 
36 0-066 O-008 
O16 033 Os O126 dl 


of two determinations, 


used at very short notice. There is no elaborate glass 
distribution system to collect dust or get broken when 
the apparatus is not in use. It is comparatively ex- 
pensive, however; the cost of a bomb at the present 
time is about £80. 

Although the acidity of the oil is not measured in 
the test as specified in ASTM D670-42T, it is con- 
sidered that this measurement is useful and should be 
included in the test procedure, 

The repeatability of results is satisfactory. Results 
obtained by one operator testing a British oil comply- 
ing with BS 148: 1951 using each of two bombs, 
indicated that a coefficient of variation of LO per cent 
for sludge and 9 per cent for acidity should be ordin.- 
arily attainable, and with special care, using the same 
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crucible for filtering throughout, the figure for sludge 
could be reduced to 7 per cent. At the 5 per cent 
probability level these figures represent a repeatability 


of 28 per cent for sludge, expressed as a percentage of 


the mean, which may be reduced with special care to 
18 per cent. The corresponding repeatability figure 
for acidity is 25 per cent, 

Tests on a wide variety of oils, including new and 
reconditioned oils, a number of Continental oils, and a 
series of experimental insulating oils, indicate that the 
test will pick out oils which have been too heavily 
refined, It favoured an oil which was “ under- 
refined "’ by the normally accepted standards, how- 
ever, It appears to be very sensitive to small changes 
oceurring in a new oil in storage. 

It is not possible to distinguish between inhibited 
oils and the corresponding base oils, using the standard 
conditions of the tests. The use of copper and iron 
naphthenates as catalysts enables a clear distinction to 
be made, however, 

The values for sludge and acidity obtained with 
conventional oils under the standard conditions of the 
test are low and represent a stage in oil deterioration 
corresponding to a fraction of the expected service life 
of the oil, Experiments have shown that a greater 
degree of deterioration can be obtained by using either 
solid or soluble catalysts. 
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INTRODUCTION 


A SOLVENT dewaxing plant using a pure ketone 
solvent, instead of the usual mixtures with benzene or 
toluene, has been operated by Imperial Oil Ltd. at its 
Sarnia refinery for about fifteen years. The labora- 
tory investigations which led to the development of 
this process have been reported in papers by Pokorny 
and Stratford. The actual operation of this unit was 
subsequently discussed by Mueller.? In view of the 
very satisfactory experience with higher ketone de- 
waxing at Sarnia, Imperial has recently been awarded 
a contract for the construction of a similar unit as part 
of a new lubricating oil plant at Edmonton. This 


Mol 
weight 


Boiling 
point, F 


DY 


C, Ketone : 


Acetone. 58-08 133-7 O-791 13590 
C, Ketone : 

M.E.K. . 72-06 175-0 0-805 13791 
Ketones : 

M.nP.K. 86-08 15-6 Ost 13901 

M.iP.K. 86-08 03-0 O-RLO 13879 

D.E.K. . 86-08 216-1 ORLS 13927 
C, Ketones : 

M.nB.K. 100-09 258-8 14007 

M.iB.K.! 100-09 242-2 802 13969 
C, Ketones : 

M.nA.K. 302-0 OSLS 1-4007 

M.iA.K.? 291-2 0-813 14060 

D.nPLK. 114-11 01-4 14072 


' 4-Methyl-2-pentanone. 


paper discusses the main considerations involved in 
selecting a solvent for the dewaxing process and gives 
a laboratory evaluation of a series of higher ketones, 
which are also compared with the methyl ethyl 
ketone-aromatic mixtures as dewaxing solvents. It 
is concluded that some of the higher ketones show 
a definite performance advantage over the conven- 
tional M.E.K.-aromatie blends. 


EVALUATION OF HIGHER KETONES AS 
DEWAXING SOLVENTS 


In selecting a ketone for use as a dewaxing solvent, 
three major considerations are oil miscibility, wax 
A dewaxing solvent must 


solubility, and filter rate. 


* MS received 6 October 1954. 
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Physical Properties of Aliphatic Ketones 


be completely miscible with the oil being dewaxed 
at the temperatures and dilutions used in the dewaxing 
process. A good dewaxing solvent should also have 
the lowest possible solubility for wax, since a solvent 
of low wax solubility will permit dewaxing at higher 
temperatures for a given pour point oil, with a con- 
sequent saving in refrigeration costs. As the pre- 
cipitated wax must be removed from the oil-ketone 
solution by filtration, a high filter rate is desirable. 
Most of the saturated aliphatic ketones meet other 
requirements, such as stability, non-corrosiveness, 
reasonably low boiling point, and low water solubility. 
Table | gives physical properties of the ketones 
investigated in this study. 


Water solubility at 


30° C P 
Absolute % water and b.p Flash 
F of azeotrope point, 
cp 20°C | Weight, Weight. 


water %, ketone 


O-324 Complete Complete Non-azeotrope 1S 
O-425 11-50 17-33 156 

6-53 13-0 Isl 
0-456 145 40 176 
0-626 2-12 1-75 Minimum b.p, 
0-580 2-41 204 7h 
1-31 48 


5-Methyl-2-hexanone. 


MISCIBILITY OF KETONES WITH OIL 
Miscibility temperatures of oil-ketone mixtures 
are readily obtained in cases where an oil phase 
separates at a temperature above the wax point of the 
solution. However, when wax separates above the 
miscibility temperature, the determination is not so 
simple. In these cases it has been found possible to 
raise the miscibility temperature above the wax point 
by the addition of a lower molecular weight ketone. 
A series of miscibility temperatures obtained in this 
manner can be extrapolated back to zero concentra- 
tion of the lower molecular weight ketone to give the 
required miscibility temperature. To be valid, this 
method requires that the miscibility temperatures of a 


t Imperial Oil Ltd, Canada, 
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TEMPERATURE °F 


% ACETONE 
Fia 
OLL MISCIBILITY 
M.E.K-acetone mixtures 2; 1 dilution ratio 


given oil-ketone system be a linear function of the 
percentage of low molecular weight ketone in the 
solvent. This can be demonstrated over the full 
range of ketone concentrations in the case of the lower 
molecular weight ketones where miscibility temper- 
atures occur above the wax point of a dewaxed oil. 
This is shown in Fig 1, for three different grades of lub 
oil diluted 2; 1 with M.E.K.-acetone mixtures. ‘The 
application of this technique to determine the mis- 
cibility temperature when below the wax point is 
shown in Fig 2. 

Using the technique described above, miscibility 
temperatures of various ketones with 10, 30, and 60 
grade lub oils have been determined at a 2 : | dilution 
ratio, Inspections on these oils are shown in Table II 
and miscibility data in Table III. Miscibility temper- 
atures are shown in Fig 3 plotted against the number 
of carbon atoms per molecule for methyl normal 
ketones. As would be expected miscibility temper- 
atures fall rapidly with increasing molecular weight. 
The C, ketones (M.P.K. and D.E.K.) are the lowest 
molecular weight ketones having miscibility temper- 
atures which could permit dewaxing a 10 grade oil at 


HIGHER KETONES 


AS DEWAXING SOLVENTS 
TABLE II 
Lubricating Oila Used in Miscibility Measurements 


Phenol treated and dewaxed distillates from Leduc crude 


Vi ity Pour 
solid, 
index 


Viscosity | Viscosity 
8.5.U. at | S.8.U. at 
100 210 


Lub base 


111-9 
117-0 
62-8 
43-1 
42-6 
43°3 


1646 

1827 
506 
154-6 
151-5 
170-0 


Leduc 60 
Ledue 60' . 
Ledue 30 
Ledue 10 
Leduc 10X . 
Ledue 10X # 


89-3 35/30 
69-1 5/—10 
92:4 

89-3 

81-9 


Dewaxed at —10° F, Dewaxed at 

0° F or a 60 grade oil at 25° F. Moving the carbonyl! 
group towards the centre of the ketone chain lowers 
the miscibility temperature. isoKetones have mis- 
cibility temperatures which are 15° to 20° F higher 
than the corresponding normal ketones. As would be 
expected, heavy oils are less soluble in ketone and 
have higher miscibility temperatures than oils of 
lower viscosity. This effect decreases somewhat with 
increasing molecular weight of ketone. 


O 10x at -25°F 
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MISCIBLITY TEMPERATURE, 


| 


POINT OF LOW TEMPERATURE) 


OE WARGO LEOUC 10x (-25 °F) 
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DETERMINATION OF MISCIBILITY TEMPERATURE WHEN BELOW 
THE WAX POINT 
Ledue 10X at 2: 1 dilution ratio with D.E.K. 
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TABLE 


Miscibility Temperatures of 2 : 


Leduc base oils 


Normal ketones 


30 
C, Acetone 130 182 
C, Methylethyl . 27 71 
C, Methyl propyl . 37 ! 
Diethyl . 43 15 
C, Methyl butyl . ; ; 63 34 
C, Methylamyl . 05 64 
Ethyl butyl 102 67 
Dipropyl ‘ 106 80 
C, Methylhexyl . 122 


Ethyl amyl 


Fig 4 shows that the miscibility temperatures were 
found to be constant over a fairly wide range of dilu- 
tion ratios with methyl ethyl ketone. In the case of 
the 60 grade oil, little or no change in miscibility 
temperature occurred over the range of | to 3 dilution 
ratios. For the 10 grade oil this region of constant 
miscibility temperature shifted to between 0-5 to 2-5 
dilution ratios. Outside these ranges, at both the 
higher and lower dilutions, miscibility temperatures 
decreased rapidly. The same effect has been found 
for diethyl ketone, and may be assumed to apply to 
other members of the series. 

The effect of water on miscibility temperatures of 
oil-kevone solutions can be determined by direct 
measurement if these temperatures occur above the 
point of wax separation. A 60 grade oil was selected 
to evaluate this effect because miscibility temperatures 
are usually critical and are most easily determined 
experimentally with a high viscosity lub fraction. To 
eliminate wax interference, a sample of Leduc 60 base 
oil was dewaxed to —5°/—-10° F pour/solid. The 
effect of water on the miscibility temperature of 3: | 
dilutions with M.P.K., D.E.K., and M.iB.K. is shown 
in Fig 5. In each case the first additions of water 
cause the oil miscibility temperature to rise about 
30° F for each | per cent water, but at a certain water 
content the oil miscibility temperature reaches a 
maximum. Above this temperature with higher water 
contents, a water cloud is thrown out first, followed by 
an oil cloud at a lower temperature. The effect is 
seen most clearly when the maximum oil miscibility 
temperature is low enough to cause the free water to 
settle out in the form of ice, and the subsequent oil 
cloud may be easily observed, ¢.g. D.E.K. Similar 
results have been reported by Hall and McCarty for a 
Mid-Continent residuum and 40/60 M.E.K- benzene 
solvent.* 

The initial linear increase in miscibility temperature 
may be explained by supposing that the miscibility 
temperature of water with oil is about 2800° to 
3000° F, and that the oil miscibility temperatures of 
mixtures of water and ketone lie on the straight line 
drawn between the oil miscibility temperatures of 
pure ketone and pure water. This would be analogous 


KETONES 


AS DEWAXING SOLVENTS 


| Mixtures of Ketones and Oils 


Ledue base oils 


Ketones 
60 10X 30 60 
219 
OS 
Is Methylsopropyl 21 12 33 
4 
Is Methylisobutyl 20 
ao Methyliwoamy! 73 45 28 
62 
Di isopropy! 47 15 
72 
105 72 


to the relationship between the miscibility temper- 
atures of an oil with two different ketones. 

The maximum miscibility temperature results 
from partial dehydration of the solution before the 
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2: 1 Dilution ratio 


Thus, if the miscibility 
per water in 
solvent, straight lines are obtained as shown in Fig 5 
at low water The plot of 
miscibility temperature against per water in 


oil cloud point is reached, 
temperature is plotted against cent 
concentrations water 
cent 


7 
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ketone for an oil-ketone solution would result in a 
curve cutting the straight line. 

In Fig 5 the horizontal maximum temperature line 
does not show points of oil miscibility at higher dis- 
solved water contents, but merely indicates the 
temperature at which the two lines intersect. These 
points actually represent check determinations of the 
temperatures of intersection of the water and oil 
miscibility curves. 

The slope of the oil miscibility line and the 
maximum oil miscibility temperature were little 
affected by change in oil- ketone ratio over the range 
normally used in dewaxing. As would be expected, 
the water miscibility line was gradually displaced to 
lower water percentage by increasing the oil content. 

The horizontal sections of the curves shown in Fig 5 
represent temperatures above which an oil phase can- 
not separate regardless of how much water is present. 
To ensure adequate oil miscibility a ketone dewaxing 


solvent must be dehyrated to a low water content if 


dewaxing is to be carried out below the maximum 
miscibility temperature shown in Fig 5. These data 
indicate that if Leduc 60 is to be dewaxed at 25° F, 
dehydration to about 0-3 per cent water content is 
necessary to keep the oil in solution in M.P.K., but 
that no dehydration is required if D.E.K. or M.iB.K. 
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TEMPERATURES ve WATER CONTENT 


MISCIBILITY 


are used as solvent. D.E.K. is borderline in this 
respect. However, as dehydration by azeotropic 
distillation is simple and effective in the case of higher 
ketones it is probably justified to reduce corrosion 
even in the cases where it is not necessary to ensure 
oil ketone miscibility. 


WAX SOLUBILITY 


The temperature at which solvent dewaxing must be 
carried out to give an oil of the desired pour point is 
governed by the solubility of wax in the solvent.! 
Dilution also has some effect on the pour point, but 
this variable must be held within fairly narrow limits 
to obtain the best filter rates and is, therefore, of 


secondary importance. As refrigeration equipment 
and scraped surface chillers are major items of 
expense in a dewaxing plant, the solvent with the 
lowest wax solubility and the highest dewaxing 
temperature for a given pour point is preferred. 

Although any type of wax could be used to com- 
pare solubilities in the various ketones at 110° F 
melting point recrystallized paraffin wax was selected 
as a reference for the following reasons : 


(a) The higher solubility of a low melting point 
wax facilitates direct solubility measurements at 
dewaxing temperatures of 0° to 30° F without 
the extrapolations required when using a high 
melting wax. 

(b) solvent the 


dewaxing, presence or 
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absence of low melting waxes determines the pour 
point of a dewaxed oil. 


The solubilities of a 110° F melting point wax in a 
series of ketones are shown plotted against temper 
ature in Fig 6. Operating experience in Imperial’s 
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Sarnia plant over a period of years has shown that 
when dewaxing with methyl propyl ketone, the solid 
point of the dewaxed oil very nearly coincides with 
the dewaxing temperature. Assuming that M.P.K. 
gives a 0° F solid point when dewaxing a 10 grade 
distillate at 0° F, the other ketones shown in Fig 6 
would give the same solid point at the temperature at 
which their wax solubilities corresponded with that of 
M.P.K. at 0° F. On this basis, dewaxing temper- 
atures for 0° F solid points would be as follows : 


Dimethyl! (actone) 30-5 
Methyl! ethyl ketone (M.E.K.) 9-5 
Methylisopropy! ! 
Methylpropy! ketone (M.P.K.) 0 
Methylisobutyl ketone (M.iB.K.) 5 
Diethyl (D.E.K.) ‘ 6 
Methyl butyl ketone. 
Methylisoamyl . ‘ 10 
Methyl amyl 13 
Dipropyl . 16 
Methyl! hexyl 19 


From the standpoint of wax solubility alone, acetone 
would obviously be first and second 


M.E.K. 


and 


KETONES 


AS DEWAXING SOLVENTS 4} 
choices as dewaxing solvents. However, both of 
these ketones are unsatisfactory because of poor oil 
solubilities (high miscibility temperatures). Of the 
ketones having satisfactory miscibility temperatures, 
the propyl ketones show the lowest wax solubilities, 
followed by isobutyl and diethyl ketones, which 
require 5° and 6° F lower dewaxing temperatures 
respectively than methyl normal propyl ketone. 

The data shown in the above tabulation are plotted 
in Fig 7. It will be noted that for a given molecular 
weight, isoketones would permit the highest dewaxing 
temperatures followed by the methyl normal and 
finally the symmetrical ketones, ¢.g. dewaxing temper- 
atures for the C, ketones would be in the order : 
M.iP.K. M.PLK. DLELK 

In the case of M.P.K. and D.E.K. solvents which are 
6° F apart for equivalent wax solubilities. Operating 
data from Imperial’s Sarnia dewaxing plant have 
closely checked predictions based on solubilities. 
Because solid points of dewaxed oils are difficult to 
reproduce with suflicient accuracy, a difference of this 
magnitude can be detected only by averaging a large 
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spread 


Average data for 


temperatures and 


points in the Sarnia dewaxing plant may be 
summarized as follows 
100 per cent M.P.K 7 
75/25 D.E.K/M.P.K 


90/10 rh 
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FILTER RATES 
Dewaxing filter rates for a series of higher ketones 
have been compared in the laboratory using a sample 


of Ledue 30 distillate diluted with 2-5 volumes of 


ketone. This slurry was chilled from solution 
temperature to 25° F at a rate of 7° F/minute prior 
to filtration. Filter rates were found to be a function 
of molecular weight and independent of ketone 
structure, The rapid drop in filter rate with in- 
creasing molecular weight is shown graphically in 
Fig 8. 
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COMPARISON OF FILTER RATES FOR HIGHER KETONES 


RELATIVE PERFORMANCE OF HIGHER 
KETONES AS DEWAXING SOLVENTS 
From the preceding sections, the ketones showing 
adequate oil miscibility may be summarized with 
respect to dewaxing performance as follows : 


Temperature 
for equivalent 
| wax solubility 


Relative 
tone 
Keton filter rate 


Methyl-n-propyl (M.P.K.) | 100 
Methylisopropyl 


Diethy! (D.E.K.) 


Methyl-n-buty! 
Methylisobutyl (M,iB,K.) | 


Methyl-n-amy! 
Methylisoamy! 
Dipropyl 


KETONES AS DEWAXING SOLVENTS 


It will be noted that the methyl propyl ketones 
appear to be the best dewaxing solvents, having the 
highest filter rate and lowest wax solubility. Methyl- 
isopropyl ketone shows a slight advantage over n- 
propyl in terms of wax solubility but its oil miscibility 
would not be adequate, e.g. 33° F with a 60 grade lub, 
for a plant processing high viscosity stocks at relatively 
low temperatures, Diethyl ketone appears to be next 
in order of merit, showing the same filter rate but a 
6° F penalty in dewaxing temperature. Methyliso- 
butyl ketone follows with about a 30 per cent lower 
filter rate and a 5° F drop in filtering temperature 


compared to M.P.K. 


COMPARISON OF M.E.K.-AROMATICS AND 
HIGHER KETONES AS DEWAXING 
SOLVENTS 
In order to compare the higher ketones with the 
more common M.E,.K-aromatic dewaxing solvents, 
the effect of solvent composition on dewaxing per- 
formance must first be evaluated. This has been 
done for M.E.K-toluene blends using the techniques 
described above. The results are plotted in Fig 9. 
Miscibility temperatures are shown for three reference 
oils with anhydrous solvents and for the limiting oil 
(60 grade) under conditions of water saturation. 


Taste LV 


Performance of Dewaxing Solvents 


Dewaxing 60 grade oil to 25° F 
pour point 
‘Tempera- | } 
ture for | Relative 
equal wax | filter rate 
solubility 


| Miscibility tempera- 
tures, ° F 


Solvent 
| Dewaxing 
tempera- | 
| ture,° F | 
| | Anhydrous Saturated 
Higher ketones : 


D.E.K. 
M.iB.K. 
M.E.K. 
70/80 
65/35 
60/40 


50/60 


Aromatics : 


Kelative filter rates are shown with M.P.K. as a 
reference. Wax solubilities are compared as temper- 
atures for solubilities equivalent to that of M.P.K. 
at 0° 

Table IV summarizes performance factors~ for 
M.E.K-aromatic blends and the three most attractive 
higher ketone solvents. In the case of the blends, 
filter rates and wax solubilities improve with in- 
creasing M.E.K. contents, but miscibility temper- 
atures show the opposite effect. As an efficient 
dewaxing operation is not practical below the oil 
miscibility temperature, miscibility will be the critical 
factor in determining what M.E.K~aromatic solvent 
must be used. 
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In order to compare the blended solvents with 
higher ketones, a specific situation must be considered. 
Unless a dewaxing plant is capable of changing 
solvent composition to suit each stock processed, the 
solvent will likely be fixed by the most viscous oil 
processed. Dewaxing temperatures and relative filter 


rates have been predicted for various solvents used to 
dewax a 60 grade lub distillate to 25 solid point. 
These results, as well as dry and saturated miscibility 
temperatures for the same oil, are shown in the last 


| 


KETONES AS DEWAXING 


REFERENCE 


SOLVENTS 


CONCLUSIONS 

It is concluded that some of the higher ketones show 
better performance as dewaxing solvents than 
M.E.K-aromatic mixtures. The magnitude 
and value of this improved performance depends on 
a comparison of the two types of solvent in a specific 
refining situation. The particular stocks to be pro 
cessed will determine the composition of the M.E.K 
aromatic blend required. When this is known, 
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EFFECT OF SOLVENT COMPOSITION ON THE DEWAXING PERFORMANCE OF M.E.K-TOLUENE MIXTURES 


three columns in Table [V. This table indicates that 
any of the higher ketones shown will perform in a 
satisfactory manner. Water content is critical only 
in the case of M.P.K. Although this solvent shows 
the highest dewaxing temperature and best filter 
rate, dehydration to a low water content is necessary 
to maintain the oil in solution. In the case of the 
blended solvents 70 per cent M.E.K. and 30 per cent 
toluene is equivalent to M.P.K. in filter rate, but 
shows a 4°F penalty in dewaxing temperature. 
However, this solvent would be borderline with respect 
to oil miscibility even with anhydrous solvent. If 
the M.E.K-aromatic dewaxing is carried out with a 
saturated solvent, as is generally the case, Table IV 
indicates that 55 per cent M.E.K. would be necessary. 
This solvent would show a 27 per cent reduction in 
filter rate and a 12° F penalty in dewaxing temperature 
when compared with M.P.K. 


improvements in filter rates and dewaxing temper- 
atures for a higher ketone can be readily determined. 

In designing a new plant, the cost of dewaxed oil 
capacity obtained through the use of a higher ketone 
must be balanced against the cost of obtaining the 
same capacity by expanding the chilling and filtering 
sections of the plant and using an M.E.K-aromatic 
solvent. If an existing unit has sufficient solvent 
recovery capacity, the gains in refrigeration and filter 
capacity obtained by changing to a higher ketone 
should result directly in higher charge rates or higher 
yields of dewaxed oil. 
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The Anglo-Iranian patent process for catalytic desulphurisation 
of petroleum distillates is available under licence from Frasers. 
Frasers also offer a Complete Engineering Service comprising :— 


* DESIGN FABRICATION 
INSPECTION 
ERECTION 


COMMISSIONING 


PURCHASING 
 EXPEDITING 


+ + + 


Photograph by courtesy of Anglo-lranian Oil Co, Led, 
& CO. LTD. 


W. J. FRASER & CO. LTD., Harold Hill, Romford, Essex. 
Works at Monk Bretton, near Barnsley, S. Yorks. 
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BROTHERHOOD 


STEAM TURBINES 
FOR DRIVING PUMPS, ETC. 


Wide range—All types. 


Over 40 years’ experience. 
Hundreds in hand— 


thousands in service. 


BROTHERHOOD 


STEAM ENGINES 


High speed Vertical up to 
500 B.H.P. 
Over one hundred inhand. 


BROTHERHOOD 


COMPRESSORS 


Air, Gasand Refrigerating. 


The widest range in the 
British Empire—made to suit 
your requirements. 
Thousands in service. 


BROTHERHOOD 


REFRIGERATING PLANT 


Ammonia, CO,, Freon, SO,, 

beam Methyl Chloride. Wide range 

—-single and double acting— 
one or more stages. 


BROTHERHOOD 


GENERATING SETS 


Turbine driven up to 


11,090 kw. 
Engine driven up to 340 kw. 


Hundreds in hand. 


also Manufacturers of all kinds of 
PLANT TO CUSTOMERS’ OWN DESIGNS 


WHY NOT SEND YOUR PROBLEMS TO US? 
We shall be pleased to investigate them confidentially 


COMPRESSOR £ POWER PLANT SPECIALISTS FOR NEARLY A CENTURY 


CONNAUGHT 
ROOMS 


are 


Banqueting Rooms 


A CONSTANT READER of these announcements 
has voiced a mild complaint. Why do we 
keep harping on the buildings when he wants to 
hear about the food and wine? Does it really 
matter that the Rooms were built and designed 


from the start for this purpose of banqueting : 


He should realise that the matter is of supreme 
importance if the banquet with all its great 
tradition is to survive much longer. For the 
organisation and preparation of a banquet in all 
its glory can never be a side-line or a part-time 
job; it calls not only for specialist chefs and all 
their helpers but specialised services too— services 
that ensure that not only the top tables but every 
guest at even the biggest of banquets may have 
every course freshly cooked to the minute, piping 
hot and gastronomically beyond compare! There 
is nothing to compare with the Connaught 
Rooms anywhere in the world. 


Are we wrong and idealistic in seeking such 
perfection? Perhaps we are, but you won’t think 
so when next you dine at the Connaught Rooms. 


In the Entrance Hall, there’s another service 
for the benefit of our customers and their 
friends—a bureau where you'll find all your 
travel and entertainment bookings are 


looked after with smooth efficiency. 


TELEPHONE: HOLBORN 


This is the drill— at the Connaught Rooms 
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WATCHING BRIEF 
« Introducing the EVERSHED | 


new Miniature Recorder by 


The modern trend towards miniaturisation in industrial control equipment 
has led to the design and development of the Evershed Miniature Recorder. 
Illustrated below is a Control Desk recently supplied to the Grangemouth 
Refinery of Scottish Oils Ltd., on which 38 recorders are fitted. They have 
also been supplied for the new Anglo-Iranian Refinery at Aden. 

The Evershed Miniature Recorder has the maximum self-contained ranges 
of 500 v. or 10 amperes and will prove to be of great use to engineers and 
designers throughout industry. It is suitable for either flush or surface 
mounting or can, by the use of a leather sling, be used as a portable 
instrument. 

Although compact, measuring only 4}-inches wide by 6}-inches high and 
9-inches deep, the recorder will give a continuous record for one month. 
The movement which is of the moving coil type is calibrated to B.S. 90— 
1940 requirements. 


FOR FULL DETAILS, WRITE FOR PUBLICATION PD 282 


MINIATURE RECORDER 


EVERSHED & VIGNOLES LTD 
ACTON LANE WORKS CHISWICK LONDON W.4 
Telephone: Chiswick 3670 + Telegrams: Megger, Chisk,London + Cables: Megger, London 


: 4 
f 
x 
é 
é 
6/154 


ENGLISH DRILLING EQUIPMENT LTD 


BILBAO HOUSE, 36-38 NEW BROAD STREET, LONDON, E.C.2 


Telephone: LONdon Wall 4941-4 


REGD.TRADE MARK 


Telegrams: Bullwheel, Ave, London 


The Edeco Twin Jet Bit is recommended for use in conjunction with high 
velocity drilling fluid circulation, The cuttings are swept upwards by the jet 
stream, keeping the bottom of the hole clean, allowing FASTER PENETRATION 
and MORE HOLE per bit. 


The Edeco Twin Jet Bits are available with all the cutter designs illustrated 
in the EDECO Rock Bit Catalogue No, 82. 


The jet Circulation ways are forged into the body of the bit avoiding the 
necessity for separate Tubes and allowing thicker walls around the circulation 
passages and, consequently, less danger of “cut outs’’. 


The outlets of these passages are fitted with Tungsten Carbide Nozzles with 
bore size to suit customer's requirements. 


EDECO PROSPECTORS LTD 
Barlby Works, Lindley Moor Road, 
Nr. Huddersfield, Yorks. 
Telephone: Elland 2876/7 


SUBSIDIARY COMPANIES 
EDECO CANADA LTD EDECO GERMANY G.M.B.H. EDECO (TRINIDAD) LTD 


10103-80th Avenue, 
Edmonton, Alberta. 


Folschblock C, Hermannstr. 40, P.O. Box 27, San Fernando, 
Hamburg, |. Trinidad, B.W.1. 
Telephone: Edmonton 35825 Telephone: Hamburg 33 39 67 Telephone: San Fernando 2619 
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STRUCTURES 
IN 
STEEL 


We Specialise in 
ALL TYPES OF STRUCTURES 
Required for 
Oil Production and Refining 


ALSO 
‘KELVIN ‘all iron and ‘MAINSTEEL’ PALISADING 


and All Types of FENCING 
for HOME and OVERSEAS 


A. & J. MAIN & COMPANY LIMITED 
VINCENT HOUSE, VINCENT SQUARE, 8.W.1 CLYDESDALE IRONWORKS, POSSILPARK 


GLASGOW, C.2 
Telephone ; Possil 8381 Telegrams: Kelvin, Glasgow 


CALCUTTA: Post Box 36, 16 NETAJI SUBHAS ROAD 
also NAIROBI and CHITTAGONG 


Telephones : Victoria 8375 /6/7/8 Telegrams : Kelvin Sowest, London 


DRILLING MUD: 


ITS MANUFACTURE 
AND TESTING 


By 
P. EVANS and A. REID 


Reprinted from Transactions of the Mining 
and Geological Institute of India, 1936. 


Pages 263 + xxx. Paper covers. 
Price 21s. post free. 


Obtainable from 


The Institute of Petroleum 
The Pioneers of Tower Packing 


THE HYDRONYL SYNDICATE LTD. 
14 GLOUCESTER RD., LONDON, S.W.7 


Telephone: WEStern 4744 Telegrams : HYDRONYL * KENS * LONDON 
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EWMAN-HENDER valves 


SHELL PHOTO 


FORGED STEEL GATE VALVE. No. 1636 
Available for Working Pressures of 600 Ibs. and 
900 Ibs. at 900° Fahr. and in the following sizes :— 

Alternative ends as follows can be supplied : 
Screwed Ends Ball Joint (illustrated,) 
Socket Weld Ends Ball Joint, 
Screwed Ends Gasket Joint, 
Socket Weld Ends Gasket Joint.) 
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YOUR 
BOOKSHELF COMPLETE? 


It is if it includes ALL the books listed below. Each one is 
essential to the man who wants to keep abreast of developments 
and trends in the petroleum industry 


@ Reviews of Petroleum Technology VOLUME 13 


Surveying developments during 1951, this volume brings the wide field 
of petroleum literature within the covers of one book. | Price SOs. 


@ Oil Shale and Cannel Coal 


Eight hundred pages of the latest data on all aspects of oil from shale. 
Price 3ls. 6d. 


@ Electrical Code 


Covers safety practices in the use of electricity in the field, refinery 
and storage installation. Price 26s. 


@ ASTM/IP Petroleum Measurement Tables sritisn epition 


Authoritative tables for use in computing oil quantities in territories 
which employ the British system of weights and measures. _— Price 50s. 


@ Petroleum Measurement Manual 


A companion Volume to the ‘‘ Tables.” Essential to anyone who has to 
deal with the sampling and measurement of liquid petroleum products. 
Price 25s. 


All the above books can be obtained through a bookseller or direct from 


‘THE INSTITUTE OF PETROLEUM 
26 PORTLAND PLACE, LONDON, W.1 
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These robust tanks which Butterfields fabricate to 
your specification in Stainless Steel, Mild Steel and 
Aluminium, are at work for !eading concerns in the Oil, 
Petroleum, and Fuel Oils industries. Their staunch 
reliability and economical operation commend them to 
all who can profitably use the bulk method. 

The feature of ‘ girder’ mounting (which Butterfields 
originated, ten years ago) is that the tank is firmly 
and adequately supported along its whole length; it 


PETROLEUM 


COMPANY, LY. 


UTTERFIELD 


Road tanks. 


is in fact welded to the frame, and the frame bolted 
to the chassis. This results in the greatest possible 
stability and cuts out the need for encircling straps. 
For articulated vehicles Butterfields now ‘step’ the 
tank to clear the articulating gear, thus maintaining a 
low centre of gravity and at the same time preserving 
a clean, pleasing line. 
Illustrated: (top) 3,600 gallon Mild Steel spirit tank on Leyland 


Octopus chassis. (Below) A 3,600 gallon Stainless Steel 
Spirit Tank maintained on A.E.C. Mammoth Major chassis. 


Butterfield ‘Girder mounting’ ensures stability 


W. P. BUTTERFIELD LTD P.O. BOX 38 SHIPLEY YORKS, Tel: 52244 (8 lines) - LONDON and BRANCHES 
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STOVEPIPE WELDING 


THE SUI-KARACHI GAS TRANSMISSION LINE 


Prospecting for oil 350 miles from Karachi, the Burmah Oil Co. discovered 
natural gas. A £9-million project will transmit this through 350-miles of 
16” pipe, descending about 750 feet from the Sui range, traversing 
desert and the irrigated Sukkur plain, then crossing the River Indus. 
Messrs. D. & C. and Wm. Press Ltd., one of the Pakistan 
construction group contractors, are working to strict rigid specifications 
as laid down by the Sui-Gas Transmission Co., a subsidiary of the 
Burmah Oil Co., who stipulate that the stovepipe (downhand) 
welding technique must be employed entirely. 
For the past few months both companies have given full co-operation 
in an extensive training programme in this technique and 
have used the Lincoln Welding School facilities. 
Advanced training in Radiographic examination and 
interpretation, and in the application of stovepiping has been 
given to the five Sui-Gas Transmission Co. inspectors who will be 
in charge of this welded project. Following this, Messrs. D. & C. 
and Wm. Press sent all their welding operators to the school 
for training and testing in this method to API-ASME 
code standards. Over 60°/, of these men have achieved 
Grade A qualifications. Lincoln SAE 300 Diesel 
Welders, with Lincoln Fleetweld 5 and Shield-Arc 
85 Electrodes, are being used exclusively 
on this 350 mile gas line. 


World’s largest manufacturers of arc-weiding equipment and electrodes 


LINCOLN ELECTRIC CO LTD + WELWYN GARDEN CITY - HERTS - WELWYN GARDEN 920 
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Water Treatment Plant 
and Steam Mains 


Photograph by courtesy of The Vacuum Oil Company, 
Coryton Refinery 


Kenyon provide a complete thermal insulation service to the oil 
industry, including technical advice on thermal insulation specifications, 
and finishes for all conditions. Supply of materials, application, 
supervision, on sites throughout the world. 


@ A world of experience 


WILLIAM KENYON & SONS LTD “DUKINFIELD CHESHIR 
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The new Freeman book .. . 
A. I. LEVORSEN 


GEOLOGY OF PETROLEUM 
703 pp. Illus. Bibls. 68/- 


For all those interested in the search for oil—petroleum 
gener and engineers, geophysicists, oil executives. 
¢ author, an internationally known geologist, analyses 
the princi pos overning the occurrence and accumula- 
tion of oil, shows the practical application of these 
rinciples i ‘the discovery of petroleum, Data on exist- 
ng oil pools are used for illustrative purposes. The book 
will be useful as a text for petroleum geology courses. 


THE GROWTH OF INTEGRATED 
OIL COMPANIES 
by J. G. Maclean & R. W. Haigh 728 pp. 96/— 


* .,,amonumental study containing a mine of informa- 
tion and statistics ...”’ (Journal of the Inst. of Petr.) 
*. , , study well worth making; and it is a matter for 
congratulation that it has been made in so careful, 
scholarly and impartial a manner, with almost all possible 
connections and relations between the different branches 
of industry, at all periods, duly considered, analysed, 
illustrated and explained.”” (Petroleum Times) 


Petroleum Dictionary: Dutch English, Dutch 


352 pp. 14) cm, paper 
A guide for those engaged in the petroleum Mee to 
4,000 technical terms. 


BAILEY BROS. & SWINFEN, LTD. 
46 St, Giles High Street, London, W.C.2 


ADVERTISERS 


Babcock & Wilcox Ltd. 

Bailey Bros. & Swinfen Ltd. 
Birmingham Battery & Metal Co. Lid. 
Peter Brotherhood Ltd. 
W. P. Butterfield Ltd. 

Chemindex Ltd. . 
Connaught Rooms Ltd., The 

A. F. Craig & Co. Ltd. 

Dorman & Smith Ltd. . 

Electrofio Meters Co. Ltd. 

English Drilling Equipment Co. Ltd. 
Fvershed & Vignoles Ltd. 
Foster Wheeler Ltd. 

Foxboro-Y oxall Ltd. 4 

W. J. Fraser & Co. Ltd. . 

General Refractories Ltd. 

Matthew Hall & Co. Ltd. 
Hayward-Tyler & Co, Ltd. A 
Hydronyl Syndicate Ltd., The . 

Wm. Kenyon & Sons Ltd. 

Richard Klinger Ltd. 

Lake & Elliott Ltd. 

Lincoln Electric Co. Ltd. 

A. & J. Main & Co. Ltd. 

L. A. Mitchell Ltd.. 

A. P. Newall & Co. Ltd. : 
Newman, Hender & Co. Ltd. . 
Power-Gas Corporation Ltd., The 
Procon (Gt. Britain) Ltd. 

Rubery, Owen & Co. Ltd. 

Universal Oil Products Co. 

G. & J. Weir Ltd. . ‘ 
Woodfield Hoist and Associated Industries Ltd.. 
Henry Wiggin & Co. Ltd. . 
Yorkshire Copper Works Ltd., The . 


FARADAY’S 
ENCYCLOPEDIA 


HYDROCARBON COMPOUNDS 


THE RESEARCH ESSENTIAL 
FOR MINERAL OILS AND PETROLS 


When you must know where hydrocarbons occur 
in nature, the best of many ways to prepare them, 
their structure, their physical constants etc., etc., 
do not waste a week in a tedious search of 30 to 
40 indexes and then reference to actual abstracts 
but spend an hour with FARADAY whose loose 
leaf ENCYCLOPEDIA gives you immediate up to 
date information in its context. 


CH to C,,H,, in 13 loose leaf up to date Volumes 

at an average cost over || years of less than £10 per 

annum, which is less than a week’s salary for a 
skilled research worker. 


Order now from ; 


CHEMINDEX LIMITED 
76 CROSS STREET, MANCHESTER 2 
ENGLAND 


The Post-War Expansion 
of the 
U.K. Petroleum Industry 


Being the full report of the 1953 Summer 
Meeting of The Institute of Petroleum 


220 pages Illustrated 


Price 25s. Od. post free 


Obtainable from 


The Institute of Petroleum 
26 Portland Place, London, W.1. 
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( WoODFIELD )) 


Ideco - Woodfield 


association 


provides a wide 


Hydrair-35 Drilling, 
Workover and Ser- 
vicing Hoist. Torque 
Converter Drive. 


Drilling 5,000 Ser- 
4,000-Ib. Truck Crane. vicing 13,500-ft. 


range of drilling 


and production 


Trailer Mounted Drilling 
Rig with 95-ft. Mast. 


equipment 


Diesel Swabbin 
Unit 150 H.P. for a 
depth of 17,500-ft. 


W7Mk.II Servicing Rig 
WZ7A Servicing Hoist with Truck power take 
for operation at pro- off drive and 70-ft. Mast 
133-ft. Full View duction derricks on for 5,000-ft. wells. 
Drilling Mast 7,000-ft. wells. 
mm on location in 
West Texas. 


Hydrair-35 Rambler Rig 
with 103-ft. 
Kwik-Life Mast. 


WOODFIELD HOIST AND ASSOCIATED 
INDUSTRIES LIMITED - ROCHESTER - ENGLAND 


Telephone: Strood 7642/3 
Telegrams: Woodfield, Rochester 
Betws 


THE KEMWORTHY JiG & PRESS TOOL COMPANY, LONDON 
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comprehensive 
service 


ATMOSPHERIC AND VACUUM 
DISTILLATION UNITS 


COMBINED DISTILLATION, 
CRACKING, REFORMING AND 
VAPOUR PHASE TREATING UNITS 


PRESSURE DISTILLATE RE-RUN UNITS 


GASOLINE RECOVERY 
AND STABILISATION UNITS 


FRACTIONATING COLUMNS 
AND TUBE STILLS 


WAX REFINING, SWEATING AND MOULDING 


A. F. Craig & Company Limited 


Caledonia Engineering Works 


Paisley, Scotland 


London Office: 727 Salisbury House, London Wall, E.C.2. Phone: NATional 3964 
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% RAMMING PATCHING £ MONOLITHIC LININGS 
% SPECIAL EMERGENCY SHAPES COMPLETE LININGS 
% THIN SOUND STRONG JOINTING 
% PNEUMATIC GUN CEMENT LININGS 


ir 4cks. 
firebric® 
characteristics 
nin and 
hi y 


th a red to 
Fully descriptive literature on all of these may jittle Catalytic 
grades of Durax is available on request Duras applied by 
rv 
Regenerator ich a maxi 
GENERAL REFRACTORIES LTD lining 1300°C- 
tem 


HOUSE SHEFFIELD 10 Telephone SHEFFIELD 31113 
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G REFRACTORY CONCRETE 
4 For casting jn situ and making ar 
i ‘4 special shapes- Supplied dry- special 
- ¥ 4 as hard as frebrick: pours posi- 
al a tion: no permanent yolume change: 
=) PLASTERING CEMENT 
— cement designed for application 
= 


MITCHELL SPECIALISATION IN 
THE OIL AND PETROLEUM 
INDUSTRY ENSURES THE 
CORRECT DESIGN FOR 

YOUR MIXING AND 
BLENDING PROBLEMS 


® Maximum efficiency. 


applications 


© Our range of side entry mixers has b-en 
received with great success by many 
leading petroleum refiners and oil 
blenders. 


Ely 
The Unit illustrated shows a 25 h.p. side entry § e 
flameproof mixer for blending petroleum oils. ‘§ 
Extensive range of other models available. %, 


Full details on request to: 


L. A. MITCHELL LIMITED - 37 PETER ST., MANCHESTER 2 
Telephone: BLAckfriars 7224 
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A HEAT 
EXCHANGER PLATE 
in course of 


Birmingham Battery “ True to Speci- 
fication” products in non-ferrous 
metals are widely used in the Oil 
industry. 


“BATTERY ” CONDENSER PLATES 


in Naval Brass or Yellow Metal are produced up to 
the heaviest sizes required by the Oil Refineries. 


CONDENSER TUBES 
for Heat Exchangers, Steam Condensers, Oil 
Coolers etc,, to British Standard and A,S.T.M. 
Specifications BATALBRA” (76/22/2 Alu- 
minium Brass), Admiralty Mixture (70/29/1 
Brass), 70/30 Brass, Cupro-Nickel and Alumin- 
ium Bronze, 


BI-METAL TUBES 


for combining the properties of Non-Ferrous 
Tubes with Steel Tubes. 


@ Other “BATTERY” manufactures of interest 
to the Oil Industry are TUBES {up to 24’ dia.), 
SHEETS, STRIP, ROD and WIRE in COPPER, 
BRASS, PHOSPHOR-BRONZE etc., to the 
latest British Standard Specifications. Where 
necessary, we should be pleased to work to 
customers’ own requirements, 


CONTRACTORS TO LEADING OIL COMPANIES 


METAL 


YOU got the right mixer for the job? 
||| Have JUL got the right mixer tor the jo 
| 
| Tubes and Plates for Heat Exchangers 
ive AMf DANI | ERY Over a Century 
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